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USES OF THIOREDOXIN 
1 . BACKGROUND OF INVENTION 

The present invention generally relates to the use of thioredoxin as, inter alia, 

a cell growth stimulator, as well as a screen for agents that are useful in reducing or 

eliminating thioredoxin-associated apoptosis inhibition and agents that are useful in 

inhibiting thioredoxin stimulated cell growth. 

Thioredoxin is a low molecular weight (M^ 1 1,000 - 12,000) redox protein 

found in both prokaryotic and eukaryotic cells. (Holmgren A., J Biol Chem 

264:13963-13966 (1989)), that undergoes reversible thiol reduction by the NADPH- 

dependent enzyme thioredoxin reductase. Human thioredoxin, which has 5 cysteine (Cys) 

residues, is a 1 1.5 kDa protein with 27% amino acid identity to £. coli thioredoxin. Human 

thioredoxin contains 3 additional Cys residues not found in bacterial thioredoxin that give it 

unique biological properties. (Gasdaska PY, et aL, 1218:292-296 (1994)), Cys32 and Cys35 

are the conserved catalytic site cysteine residues that undergo reversible oxidation to cystine. 

Cys92, Cys69 and Cys73 are found in mammalian but not in bacterial thioredoxins. Cys73 

appears to be particularly important for maintaining the biological activity of thioredoxin in 

an oxidizing environment. Thioredoxin reduces a variety of intracellular proteins including 

enzymes such as ribonucleotide reductase which is important for DNA synthesis, and critical 

Cys residues in transcription factors such as NF-kB, AP-1 and the glucocorticoid receptor, 

thus, altering their binding to DNA. In addition to its intracellular actions, human 

thioredoxin has remarkable extracellular cell growth stimulating properties. It has been 

reported (Gasdaska PY, et al., 1218:292-296 (1994)) that thioredoxin is identical to a growth 

factor reported to be secreted by human HTLV-1 transformed leukemia cell'lines (Fox JA, et 

al., Proc. Natl Acad Sci USA 84:2663-2667 (1 987)). It has also been found that human 
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recombinant thioredoxin will stimulate the growth of a wide variety of fibroblast and human 
solid tumor cell lines in culture (Gasdaska JR, ct al. Cell Growth Differ 6:1643-1650 (1995); 
Oblong IE, et al. J Biol Chem 269:1 1714-1 1720 (1994)). E. coli thioredoxin does not 
stimulate cell proliferation. 

Thioredoxin was first studied for its ability to act as reducing co-factor for 
ribonucleotide reductase, the first unique step in DNA synthesis. (Laurent TC, et al., J Biol 
Chem 239:3436-3444 (1964)). More recently thioredoxin has been shown to exert redox 
control over a number of transcription factors modulating their binding to DNA and thus, 
regulating gene transcription. Transcription factors regulated by thioredoxin include NF-kB 
(Matthews JR, et al, Nucl Acids Res 20:3821-3830 (1992)), TFIIIC (Cromiish JA, et al., J 
Biol Chem 264:18100-18109 (1989)), BZLFl (Bannister AJ, et al. 6:1243-1250 (1991)), the 
glucocorticoid receptor (Grippo JP, et al. J Biol Chem 258:13658-13664 (1983)) and, 
indirectly through a nuclear redox factor Ref-l/HAPE, thioredoxin can regulate AP-1 
(Fos/Jun heterodimer) (Abate C, et al. Science 249:1157-1161 (1990)). Thioredoxin is also a 
growth factor with a unique mechanism of action. 

Human thioredoxin has been sequenced and cloned. (Gasdaska PY, et al., 
1218:292-296 (1994); Deiss LP, et al.. Science 252:1 17-120 (1991)). It has been shown that 
the deduced amino acid sequence of thioredoxin is identical to that of a previously known 
protein called eosinophil cytotoxicity stimulating factor (Silberstein DS, et al., J. Biol Chem 
268:9138-9142 (1993)) or adult T-cell leukemia-derived factor (ADF) (Gasdaska PY, et al., 
1218:292-296 (1994)). ADF has been reported to be secreted by virally transformed 
leukemic cell lines and to stimulate their growth (Yodoi J, et al, Adv Cancer Res 57:381-411 
(1 991)). These observations have been extended to show that human recombinant thioredoxin 
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stimulates the proliferation of both normal fibroblasts and a wide variety of human solid and 
leukemic cancer cell lines. (Gasdaska JR, et al. Cell Growth Differ 6:1643-1650 (1995); 
Powis G, et al., Oncol Res 6:539-544 (1994); Oblong JE, et al. J Biol Chem 
269:1 1714-1 1720 (1994)). It has been shown that thioredoxin stimulates cell proliferation by 
increasing the sensitivity of the cells to . growth factors secreted by the cells themselves. 
(Gasdaska JR, et al. Cell Growth Differ 6:1643-1650 (1995)). 

Recombinant modified thioredoxins, otherwise called mutant thioredoxins, 
have been developed, but no indications of uses were known in the art for any particular 
mutant form. In a wild type thioredoxin, the cysteine (Cys) residues at the conserved -Cys^^- 
Gly-Pro-Cys^^-Lys active site of thioredoxin undergo reversible oxidation-reduction 
catalyzed by the NADPH-dependent flavoprotein thioredoxin reductase. (Luthman M, et al., 
21 :6628-6633 (1982)). It has been reported that mutation of the active site Cys32 and Cys35 
residues to serine (Ser) residues, either singly or together (C32S/C35S thioredoxin), results in 
a compound that is redox inactive {i.e., it is not a substrate for reduction by thioredoxin 
reductase) and that does not stimulate cell proliferation (Oblong JE, et al. J Biol Chem 

269:11714-11720 (1994)). 

Thioredoxin mRNA has been found to be over expressed by some human 

tumor cells (Gasdaska PY, et al., 121 8:292-296 (1994); Grogan T, et al., Cancer Res (1997, 

in press)) and since it is secreted from cells by a leaderless secretory pathway (Rubartelli A, 

et al., J Biol Chem 267:24161-24164 (1992)) it could be a growth factor for some human 

cancers (Gasdaska JR,etal. Cell Growth Differ 6:1643-1650 (1995)). However, the 

mechanism for cell growth stimulation by thioredoxin mRNA has been examined and found 

not to promote cell growth. Recombinant human thioredoxin is not taken up by cells and 
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does not bind to high affinity cell surface receptors but appears to enhance the sensitivity of 
cells to endogenously produced or other growth factors, a mechanism termed voitocrine 
(Greek, voz7Ao5 = helper) (GasdaskaJR, etal. Cell Growth Differ 6:1643-1650 (1995)). 

The in vitro cell growth stimulating activity of human thioredoxin has been 
previously reported for human lymphoid and solid tumor cancer cells (Gasdaska JR, et al. 
Cell Growth Differ 6:1643-1650 (1995); Oblong JE, et al. J Biol Chem 269:1 1714-1 1720 
(1994)) and for mouse fibroblast cells (Oblong JE, et al. J Biol Chem 269:1 1714-1 1720 
(1994)). The production of a Cys73->'Ser mutant thioredoxin has been previously reported. 
In one study it did not act like wild-type thioredoxin as a component of a complex cell 
growth stimulating factor called "early pregnancy factor" (Tonissen K, et aL, J Biol Chem 
268:22485-22489 (1993)). In another study it was reported that Cys73-~>Ser mutant 
thioredoxin did not fonn a dimer, but cell growth stunulating activity by the mutant 
thioredoxin was not investigated in this study (Ren X, et al., Biochem 32:9701-9705 (1993)). 
However, the ability of the Cys73->'Ser mutant and other mutant thioredoxins to stimulate 
cell proliferation has not been reported. There have been no prior reports of administration of 
mutant thioredoxins in vivo. 

It has been known that certain human tumor cells were found to over-express 
thioredoxin mRNA compared to normal lung tissue fi-om the same subject. (Gasdaska PY, et 
al., 1218:292-296 (1994)). It has also been known that human primary colorectal tumors have 
exhibited elevated levels of thioredoxin mRNA compared to normal colonic mucosa 
(Berggren M, et al., Anticancer Res 16:3459-3466 (1996)). It has not been known that 
thioredoxin protein was present in certain human tumor cells, and it has not been known that 
. thioredoxin protein played any role in preventing or enhancing, tumor cell growth. 
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While thioredoxin itself is known, its use in identifying agents that inhibit cell 
growth stimulated by thioredoxin has not been previously shown. 

Human thioredoxin reductase has been characterized as a protein (Oblong JE, 
et al., Biochem 32:7271-7277 (1993)). In addition, the general properties and the cDNA base 
sequence of human thioredoxin reductase is known in the art. However, it has not been 
disclosed or suggested in the art that thioredoxin reductase be used as an anti-tumor drug 
target. 

The myelodysplastic syndromes (MDS) are a heterogeneous class of life 
threatening diseases characterized by ineffective hematopoiesis and progressive, reractory 
cytopenia (List AF, et al, J Clin Oncol 8:1424-1441 (1990)). Transformation to acute 
leukemia may occur in one-third of the patients. The underlying defect is decreased 
multilineage progenitor cell growth associated with decreased sensitivity to growth factor 
stimulation (Merchav et al. Leukemia 5:340-346 (1991) ). Very high doses of recombinant 
granulocyte-macrophage colony stimulating factor (GM-CSF) and recombinant human 
granulocyte colony stimulating factor (G-CSF) can ameUorate neutropenia but do not 
improve red blood cell or platelet function (List AF, et al. J Clin Oncol 8:1424-1441 (1990)). 
Although IL-3 displays multilineage progenitor stimulatory effects in normal marrow clmical 
trials have shown limited ability to improve hematopoiesis in MDS (List AF, et al.. Blood 82 
(Suppl. l):377a (1993)). Thus, current.treatment for MD is limited by the ability of cytokines 
to stimulate hematopoietic progenitor cells and the decreased sensitivity of these cells to 
growth factors. 



2. 



SUMMARY OF THE INVENTION 
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The present invention relates to the use of thioredoxin as, inter alia, a cell 
growth stimulator, as well as a screen for agents that are useful in reducing or preventing 
thioredoxin-associated apoptosis inhibition in tumor cells and agents that are useful in 
inhibiting thioredoxin stimulated growth of tumor cells. 

A non-limiting embodiment of the invention involves a method of inhibiting 
tumor cell growth in a tumor cell that over-expresses thioredoxm comprising contacting said 
tumor cell with a cell growth inhibiting effective amount of an inhibitor of thioredoxin 
expression. Such agents can include, inter alia^ small molecular compounds that complex 
with and interfere with the biological action of thioredoxin, preferably those that complex 
witli active Cys residues, antisense inhibitors of thioredoxin expression, antibodies, or 
inhibitors of nucleic acid expression. 

A further non-limiting embodiment of die invention involves a method of 
reducing inhibition of apoptosis in tumor cells that over-express thioredoxin comprising 
contacting said tumor cells with an effective amount of an agent that inhibits thioredoxin. 
Such agents can include, inter alia, antibodies to this redoxin, compounds that inhibit the 
activity of this redoxin, preferably those that inhibit the activity of active Cys residues in the 
protein, cross-linking agents and the like. 

A further non-hmiting embodiment of the invention involves a method of 
identifying an agent that inhibits tumor cell growth in cells that over-express thioredoxin 
comprising measuring thioredoxin expression or activity in a first sample of said cells; 
contacting a second sample of said cells with an agent to be tested; measuring expression or 
activity of thioredoxin in said second sample; comparing expression or activity of thioredoxin 
in said first sample and said second sample; whereby a decrease in expression or activity of 
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thioredoxin in said second sample is indicative of an agent tliat inhibits tumor cell growth. 

A further non-limiting embodiment of the invention involves a method of 
identifying an agent that reduces inhibition of apoptosis in a tumor cell that over-expresses 
thioredoxin comprising measuring thioredoxin expression or activity in a first sample of said 
cells; contacting a second sample of said cells with an agent to be tested; measuring 
expression or activity of thioredoxin in said second sample; comparing expression or activity 
of thioredoxin in said first sample and said second sample; whereby a decrease in expression 
or activity of thioredoxin in said second sample is indicative of an agent that reduces 
inhibition of apoptosis. 

A further non-limiting embodiment of the invention involves a method of 
identifymg an agent that reduces thioredoxin induced inhibition of apoptosis in a tumor cell 
growth. 

A further non-limiting embodiment of the invention involves a method of 
stimulating cell grov/th comprising introducing a nucleic acid encoding a human thioredoxin 
havmg Ser at amino acid reside 73 under conditions whereby said nucleic acid is expressed. 

A further non-limiting embodiment of the invention involves a composition 
comprising an agent that is useful in reducing or eliminating thioredoxin-associated apoptosis 
inhibition and an acceptable carrier. 

A fiirther non-limiting embodiment of the invention involves a composition 
comprising an agent that is useful in inhibiting thioredoxin stimulated cell growth and an 

acceptable carrier. 

The present invention is based, at least in part, on the discovery that 
thioredoxin protein is over-expressed in certam human tumor cells; that thioredoxin 
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Stimulates the growth of cancer cells; that thioredoxin inhibits apoptosis; that thioredoxin is 
over-expressed in some human primary tumors and is correlated with increased tumor cell 
growth and decreased apoptosis; and that agents tliat inhibit thioredoxin also have anti-tumor 
activity. 

The present invention involves the new uses of thioredoxin, thioredoxin 
reductase, and mutant forms of thioredoxin for use in screening for anti-tumor agents. It has 
not been knovm in the art to use thioredoxin and/or thioredoxin reductase in a screening assay 
for anti-thioredoxin and/or anti-thioredoxin reductase agents for use as anti-tumor 
compounds. 

The present invention further relates to the use of thioredoxin and/or 
tiiioredoxin reductase antibodies for use as anti-tumor agents. 

The present invention further relates to the use of anti-sense thioredoxin or 
anti-sense thioredoxin reductase compounds for use as anti-tumor agents. 

The present invention further relates to the use of thioredoxin nucleic acid 
probes and/or thioredoxin antibodies in a diagnostic assay for certain cancers. 

The present invention further relates to the use of thioredoxin as a target for 
agents to be used in combination with existing and new treatment therapies, such as drugs 
and radiation, that reduce or prevent the thioredoxin-induced inhibition of apoptosis in tumor 
cells or to increase the sensitivity of tumor cells to these modalities. 

In addition, mutant forms of thioredoxin provide proteins with additional 
growth stimulating activity. 

These and still further objects as shall hereinafter appear are readily fulfilled 
by the present invention in an unexpected manner as will be readily discerned firom the 
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following detailed description of the preferred embodiments of the invention, especially when 
read in conjunction with the accompanying drawings. 

In contrast to the present invention, none of the above cited references teach or 
suggest the use of thioredoxin protein according to the claimed invention. 

3 . BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 shows a chart that illustrates the stimulation of human bone marrow 
colony formation by Cys73-^Ser mutant thioredoxin in accordance with the present 
invention, wherein the effects of Cys73->Ser thioredoxin on colony formation are shown by 
(o) multilineage progenitors (CFU-GEMM); (•) erythroid progenitors (BFU-E); and (V) 
myeloid progenitor (CFU-GM), measured over 10 days as described. (Values represent the 
mean of 4 determinations and bars represrat S.D.) 

Fig. 2 shows a chart that illustrates potentiation of IL-2 induced MCF-7 breast 
cancer cell growth by Cys73->Ser mutant thioredoxin in accordance with the present 
invention, wherein cells were growth arrested for 48 hr in medium with 0.5% serum (10^ 
cells) then stimulated in the absence of medium with either IL-2 or Cys32->Ser mutant 
thioredoxin at the concentrations shown and cell number was measured after 48 hr. (Each 
point represents the mean of 3 determinations and bars represent S.E., and the dotted line 
shows stimulation by 10% serum.) 

Fig. 3 shows a chart that illustrates the inhibition of thioredoxin stimulated 
MCF-7 cell growth by receptor antibodies in accordance with the present invention, wherein 
cell proliferation was measured as described in Fig. 2; the concentrations of agents used were 
Cys73->Ser mutant thioredoxin (Thioredoxin) 1 (xM, monoclonal antibodies to FGF receptor. 



wo 98/24472 PCT/US97/22292 

IL-2-receptor and EGF-receptor 4 fig/ml, and EGF 1 0 nM; and the EGF and EGFR were 
added as a negative control. (Values represent the mean of 3 determinations and bars 
represent S.E., and the dotted line shows the effect of 10% serum alone.) 

Figs. 4A-B illustrate comparative charts showing the effects of thioredoxin 
and C32S/C35S cDNA transfection on proliferation of MCF-7 cells. In Fig 4A, 3 x 10"^ cells 
were plated in 3.8 cm^ plastic culture dishes in DMEM with 10% fbs and cell number 
measured 7 days later. In Fig. 4B, 10^ cells were plated in 2 cm^ wells containing soft 
agarose and colonies measuring >60 microns counted 7 days later. (Control, the Neol vector 
alone transfected MCF-7 cells; Thioredoxin 9, Thioredoxin 12, and Thioredoxin 20, MCF-7 
cells transfected with human Thioredoxin cDNA; Serb 4, Serb 15, and Serb 19, MCF-7 cells 
transfected with C32S/C35S cDNA. Values are the mean of 3 detenhinations and bars are 
S.E. **indicates p <0.01 compared to vector-alone transfected cells.) 

Figs. 5 to 27 are briefly described in the text accompanying the respective 

figure. 

4. DETAILED DESCRIPTION OF THE INVENTION 

All of the various pubUcations cited in the present specification, including 
those publications that are referenced by a numeral corresponding to the citation listed 
thereafter, are incorporated by reference in their entireties. 



4.0 DEFINITIONS 

In order that the invention herein described may be fully understood, the 
following definitions are provided: 
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"Nucleotide" means a monomeric unit of DNA or RNA consisting of a sugar 
moiety (pentose), a phosphate, and a nitrogenous heterocyclic base. The base is linked to the 
sugar moiety via the glycosidic carbon (V carbon of the pentose) and that combination of 
base and sugar is called a "nucleoside". The base characterizes the nucleotide. The four 
DNA bases are adenine ("A"), guanine ("G"), cytosine ("C"), and thymine CT*). In RNA 
uracil ( "U") substitutes for T. In double stranded molecules, an A on one strand pairs with 
T(U) on the other, and G with C. As is conventional for convenience in the structural 
representation of a DNA nucleotide sequence only one strand is shown in which A on one 
strand connotes T on its complement and G connotes C. DNA comprises deoxyribose as the 
sugar while RNA comprises ribose, 

"Amino acids" are shown either by a three letter or one letter abbreviation as 

follows: 



iated Designations 


Amino Acid 


A 


Ala 


Alanine 


C 


Cys 


Cysteine 


D 


Asp 


Aspartic acid 


E 


Glu 


Glutamic add 


F 


Phe 


Phenylalanine 


G 


Gly 


Glycine 


H 


His 


Histidine 


I 


He 


Isoleucine 


K 


Lys 


Lysine 


L 


Leu 


Leucine 


M 


Met 


Methionine 


N 


Asn 


Asparagine 


P 


Pro 


Proline 


Q 


Gin 


Glutamine 


R 


Arg 


Arginine 


S 


Ser 


Serine 


T 


Thr 


Threonine 


V 


Val 


Valine 


w 


Trp 


Tryptophan 
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Y Tyr Tyrosine 

"DNA Sequence" means a linear array of nucleotides connected one to the 
other by phosphodiestcr bonds between the 3* and 5' carbons of adjacent pentoses. 

"Codon" means a DNA sequence of three nucleotides (a triplet) which 
encodes through mRNA an amino acid, a translation start signal or a translation termination 
signal. The code however, is degenerate, with some amino acids being encoded by more than 
one triplet codon. For example, the nucleotide triplets TTA, TTG, CTT, CTC, CTA and 
CTG all encode the amino acid leucine ("Leu"), TAG, TAA and TGA are translation stop 
signals and ATG is a translation start signal. 

"Proteins", "peptides" and "poly peptides" are composed of a linear array of 
amino acids connected one to the other by peptide bonds between the alpha-amino and 
carboxyl groups of adjacent amino acids. 

"Genome" means the entire DNA of an organism, cell or a virus. It includes, 
inter alia, the structural genes coding for polypeptides, as well as regulatory regions 
including operator, promoter, terminator, enhancer and ribosome binding and interaction 
sequences. 

"Gene" means a DNA sequence which encodes through its template or 
messenger RNA ("mRNA") a sequence of amino acids characteristic of a specific 
polypeptide. 

"cDNA" means a complementary or copy DNA prepared by using niRNA as a 
template for synthesizing the first strand of DNA using reverse transcriptase, an appropriate 
oHgonucleotide primer and a mixture of nucleotides. 

"PCR*' means a polymerase chain reaction whereby a specific DNA sequence. 
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either genomic or cDNA, can be preferentially amplified by the enzyme Taq polymerase 
using synthetic, oligonucleotide sense and antisense primers, (which specify a target 
sequence), a mixture of nucleotides and a temperature thermocycling regime which allows 
sequential denaturing, annealing and synthesis of the target DNA between the primers. 

"Transcription" means the process of producing mRNA from a gene or DNA 

sequence. 

"Translation" means the process of producing a polypeptide from mRNA. 
"Expression" means the process undergone by a gene or DNA sequence to 
produce a polypeptide and comprises a combination of transcription and translation. 

"Plasmid" or "phagemid" means a nonchromosomal double-stranded DNA 
sequence comprising an intact "replicon" such that the plasmid is replicated in a host cell. 
When the plasmid is placed within a unicellular organism, the characteristics of that organism 
may be changed or transformed as a result of the DNA of the plasmid. For example, a 
plasmid carrying the gene for ampicillin resistance (AMP^) transforms a cell previously 
sensitive to ampicillin into one which is resistant to it. A cell transformed by a plasmid is 
called a "transformant". 

"Recombinant DNA Molecule" or "Hybrid DNA" means a molecule 
consisting of segments of DNA from different genomes which have been joined end-to-end 
outside of Uving cells and able to be maintained in living cells. 

"Apoptosis" is programmed cell death activated by a genetic program to 
implement a series of events that cause the death and disposal of a cell. This is in contrast to 
cell death occurring by necrosis, usually as a result of injury to the cell. 

"Oncogene" is a gene that encodes a protein able to transform cells in culture 
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to induce cancer in animals. 

"Over-expression" in the context of determining over-expression of 
tiiioredoxin or recombinant modified thioredoxin is characterized by a two fold increase or 
more of the levels of thioredoxin or recombinant modified thioredoxin in a target sample 
compared with a control sample. 

The following abbreviations may be used throughout the disclosure: 

"C32/C35S" = Cys^^ Ser^^ / Cys^^ Ser^^ 

"DTr' = dithiothreitol 

"FBS" = Fetal bovine serum 

"NEM" = N-ethylmaleimide 

"Scid" = Severe combined immunodeficient 

*Trx" = thioredoxin 



4.1 USE OF TfflOREDOXIN AS AN ONCOGENE 

In a non-limiting embodiment of the present invention, NIH 3T3 cells 
transfected with human thioredoxin DNA that has been directed to the nucleus of the cells by 
a nuclear localization signal causes malignant transformation of the cells. 

In a further non-limiting embodiment, stable transfection of mouse WEHI7.2 
lymphoid cells with human thioredoxin DNA has been shown to inhibit apoptosis induced by 
a variety of agents including glucocorticoid, N-acetylsphingosine, staurosporine, thapsigargin 
and etoposide, which is similar to the pattern of inhibition of apoptosis caused by the anti- . 
apoptotic oncogene 6c/-2 in these cells. The thioredoxin transfected WEHI7.2 cells form 
tumors in scid mice that grow more rapidly and show less spontaneous apoptosis than 
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vector-alone or bcl-2 transfected cells, and are resistant to growth inhibition by 
glucocorticoid. Therefore, the thioredoxin gene acts as an oncogene according to the 
standard definition of an oncogene: a gene that encodes a protein able to transform cells in 
culture or to induce cancer in animals (Lodish H, et aL, Cancer. In: Lodish H, Baltimore D, 
Berk A, Zipursky SL, Matsudaira P, Darnell J, eds. Molecular Cell Biology. New York: 
Scientific American Books, pp.1258 (1995)). 

In a further non-limiting embodiment, the thioredoxm gene offers an increased 
survival advantage as well as a growth advantage to tumors in vivo, unlike the known anti- 
apoptosis oncogene bcU2 which offers only a survival advantage and requires other genetic 
changes for tumor growth (McDonnell TJ, et aL, Nature 349:254-256 (1991)). 

4.2 THIOREDOXIN IS OVER-EXPRESSED IN CERTAIN HUMAN TUMOR CELLS 

It has been discovered that thioredoxin DNA is over-expressed in certain 
human tumor cells resulting in the over production of thioredoxin. According to a technique 
for reproducibly retrieving antigens for immunohistochemical studies from archived paraffin, 
human tissue pathology samples were embedded and used it to study thioredoxin protein 
levels with a panel of human primary gastric carcinoma tissue samples, it has been found that 
thioredoxin is present in dividing normal basal crypt cells. It has been further learned that, as 
the cells differentiate and move down the villi to eventually be shed into the gastric lumen, 
thioredoxin levels decrease. By stably transfccting murine NIH 3T3 fibroblast-like cells and 
human MCF-7 breast cancer cells with cDNA for human wild-type thioredoxin or with 
cDNA for a redox-inactive mutant thioredoxin, it has been found that transfection with 
thioredoxin increases the density to which the NIH 3T3 cells grow in culture and stimulates 
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anchorage-independent colony formation by MCF-7 breast cancer cells. The redox-inactive 
mutant thioredoxin acted in a dominant-negative manner, so that transfected MCF-7 cells 
showed inhibited growth and a reversal of the transformed phenotype, assessed by growth in 
vitro and in vivo. 

It has been shown that stable transfection of mouse NIH 3T3 normal 
embryonic cells with human thioredoxin cDNA increases their growth rate and cell saturation 
density in culture (normal NIH 3T3 cells are highly contact inhibited) which is in vitro 
evidence of transformation. It has also been shown that transfection of MCF-7 human breast 
cancer and HT-29 human colon carcinoma cells with human thioredoxin cDNA increases 
their colony formation in soft agarose and tumor growth by HT-29 colon cancer cells when 
the cells are inoculated into immunodeficient (scid) mice. 
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Tr^ was originally studied for iis ability to act as a cofacior for 
ribonuclcoiidc reductase, the first unique step in DNA synthesis (1). 
Human Trx was subscquenily shown to modulate the DNA binding of 
several transcription factors that regulate cell prolifcraiion. including 
nuclear faaor kB (2). the glucocorticoid receptor (3). and, indirectly 
through the nuclear redout protein Rcf-1. activator protein- 1 (Fos/Jun 
hetenxlimcr. Ref. 4). Cloning and sequencing of human Trx have 
shown that it has a predicted amino acid sequence (5. 61 identical to 
that of a growth factor secreted by virus-transformed leukemic cell 
lines, termed adult T-cell leukemia-derived faaor (7, 8). Human Trx. 
but not bacterial Trx. added to the culture medium stimulates the 
growth of a variety of normal and cancer cell lines (8-10). The addec 
Trx is not taken up by cells ( 1 1> and appears to stimulate cell growt» 



by enhancing the acuon of other growth factors Ml, 12). The redox 
activity of Trx is required for growth simulation, and redox-inactive 
mutant Trxs do not stimulate cell growth rlOV 

Trx mRNA levels are increased compared with corresponding 
normal ussuc in almost half human primary lung (5) and colon tumon 
examined (13^, Trx protein has been reported to be increased in 
human cervical neoplastic squamous epithelial cells ( 14) and hepato- 
cellular carcinoma { 15). Trx is excreted from cells (16-18) using u 
leaderless secretory pathway (17). and we have suggested that Tn 
might be a growth factor for some human cancers ill). However it 
remains to be unequivocally demonstrated that endogcnously pro- 
duced Trx can affect cell proliferation. The role Trx plays in the 
transformed phenotype of cancer cells also is not known. 

To provide some answers to these questions, we have subly trans- 
fected murine NIH 3T3 fibrob last-like cells and human MCF-? breast 
cancer cells with cDNA for human wild-type Trx or with cDNA for 
a rcdox-inactive mutant Trx. We have found that transfeciion with Trx 
increases the density to which the NIH 3T3 cells grow in culture and 
stimulates anchorage-independent colony formation by MCF-7 breast 
cancer cells. The redox-inactive mutant Trx acted in a dominant- 
negative manner, so that transfecied MCF-7 ceils showed inhibited 
growth and a reversal of the uansformed phenotype. assessed by 
growth in vitro and in vWo. 
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MATERULS AND METHODS 

Hunun wild-type Tn cDNA and cDNA forC32/C35S rcdon-inaaivc Trx. 
in which boch active-<(i(e cysteine residues are replaced by serine ( lOu were 
prepand as described previously <5. 10). The cDNAs were cloned into either 
the K(m\ or Sari sites of the pRXnco mammalian transfecrion vector, under 
contUDitive control of the Rous sarcoma virus promoior < 19). or into the Sod 
liie of the pCX304neo mammalian transfection vector, in which constitutive 
expvession is driven by the cytome^ovinis and SV40 promoters (20). Correct 
oriemanon of the cDN As in the vectors was confirrned by restriction digestion. 
The pRXneo and pDC30^neo vectors were obtained from Dr. Rofer Miesfeid 
(Univcntiy of Arizona. Tucson. AZ). 

Human MCF-7 breast cancer cells and murine NIH 3T3 cells were obtamed 
from the American Tissue Type Collection tRockville. MD). mamtained in 
DMEM containing \^ FBS under 6^f CO. at 37'C. and passaged before 
confluence. NIH 3T3 cells were transfecied with Tfx:pRXneo. Tn: 
pDC304oeo. C32S/C35S:pDC304neo. or pRXneo aJonc. MCF-7 cells were 
iransfected with Trx:pDC3Wneo. C32S/a5S:pDC304neo. or pDC30anco 
alone. Tnnsfection used liposomes of .V•ti.2.3-<lio^eolyl)propyll•JV.iV./V..lIim• 
ethylammoniummelhylsulfate (Boehringer Mannheim. Indianapolis. IN) ac- 
cording to the manufacturer s insmiciions. Cells were selected by growing for 
4 weeks in DMEM with lOft FBS and iOO ^g/ml G418 sulfate iLife Tech- 
nologies. Gaiihersburg. MD). Cell colonies were isolated by trypsinizatiun 
onto small squares of sterile ftlter paper and expanded by growing in the ^ame 
medium. All studies were conducted on clonal cell lines between passages 3 
and 10. 

Northern hybridization analysis of Trx and C32S/C35S mRNA used a 
full-length |a-'-PIdCTP'labcicd human Ta cDNA probe xs dcscribtd previ- 
ously (5). and the biots were quantified using a Phosphorlmager (.Molecular 
Dynamics. Sunnyvale. CAi. Transfcctcd Trt and C32S/C35S mRNA Icn els 
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Fig. I. AuioradiofTun showinf Nonhem analysis o( NW ID celU ttabiy traaifectcd 
with cONA tor human Irx md a redoxMnaoive mutam bumas Tni (C32SyC35S) hybnd- 
i2ed with a fulUlength '^P- labeled human Tre cDNA. Vm boaom band is endofenous 
mouse Tni mRNA. and the top band it the nnsltcied human Trx mRNAi. NtH ITS. 
wtUl-type NIH 3T3 cells; NetfC. ceils nnsfected widi the pRXneo vector ThioAD and 
Thitfd, cells tnnsfecied with human Tn eONA la the pRXneo vector NlHBf and 
SIHBH. cells tnnsfecced with C325/C355 Tra ia the pOC304neo veoor. Thio9, eelb 
tnnsfecied with human Trx cONA in (he pCXI304«eo vecior. Values on fight are 
molecular weight marken (in kb». Values beiaw « ds raios of txansfecied Tn mRNA 
to endogenous Ta mRNA detcmiined by phosptaorimafer analysis. 
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Ftg. 2. Effecu of transfection with Trx or C32S/C35S cDNA on the growth of >f1H 3T3 
cells. CelU were plaied in plasiic dishes at a denstiy of 2 x 10* cells/an- in DME.M with 
10^ FBS and cell number measured daily. NcoC vector akme-innsfecicd cells. The 
apparent decrease in the number of ceils after day 3 is due to detachmem of ceils from the 
pUstic surface: and ^L. Thio6. ThioAD. and TfaM cells trans/ected with Trx cDNA: 
□ and ■. ^aHBH and N1KBF cells oansfecied widi C32SXn2S cDNA Values ve the 
mean of three detenninaiions: ban. SE. «. /* < COS co m par ed widi vector ak)nc> 
transfeciied cells, shown for days 3 and 4 only. Tbe sudy is lypical of three repeal 
expen racms. 
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DMEM jnd lOT- FBS .t^cr ' Ja%^. xn OesicntKa previou^U «:ti. Crn*<h oi 
cdlk on plasiic sunaces vkitn DMEM and Itrt FBS wa* mcx>uirti Jaii> lor 
NIH-3T3 celU over 4 da>. and tot StCF-? celU over 7 da>>. a> de^nbeij 
prcviouNly {ZD. AU cell jrr»th Mudiev were conducicU in the ibNcnce m* C41X 
sullatc. 

Tumor lonnaiiofi b\ iransiecied N1H )T3 celU ^^a* rtuditd by the 
injcaion of 10^ tniutected celb in n.i ml of sterile 0.9'V NaCl imo the buck.^ 
of roup* ui tour male SCTD mice or «x nude mice. Tumor fomutton by 
MCF-7 cells wx*. studied b> injecting 2 ^ 10' cells in 0.1 ml of »ienl« 0.9<r 
N«D and 0.1 ml of Maingel iBecton Oicktnson. Bedford. MAi sx. imo the 
backi of groups of four lenule SCID mice that had been implanted sx. I days 
pttviously with 21 nlay reiea^ pcileii of 0.23 m| of l7-$^itadiol ilnRwaiive 
Raearch! Sarasota. FLi. The H-P^siradiol peUct was replaced ti l\ dayi. 
Tumor volume was measured with calipers t23) twice a week for 40 dayi. M 
the end of the study, the animals were killed, and lumon and other orfins were 
lakin for histological analysis. 

Stitittical analysts was by Snideni's noopaired r test unless otherwise stated. 
Tumor growth rates in SCID mice wett linearized using the cube toot of die 
ntmor volume by day for each mouse, and iVNOVA was perfoimed using 
Dunnen'i lest lo determine signiflcam diffetviices from the vector alone- 
traufected (control) cell line. 

RESULTS 

Tm and C32S/C3SS Transfection of NIH 3T3 Cells. Transfec- 
tion of mouse NIH 3T3 cells with Trx:pRXneo yielded 6 clones suibly 
expressing Trx mRNA. innsfeetion with Tni:pDC30*neo yielded 4 
clones, and transfection with C32S/C35S:pDC3a4nco yielded 12 
clones. The levels of tnnsfcacd mRNA in some of the clones is 
shown in Fig. I. The htiman Tni and 0325055 mRNAs were larger 
than the endogenous mouse Trx milNA. probably because the trans* 
feeied Tn mRNAs also contain ponians of the vector promoter 
region, the 5' leader sec|uence. or the potyadenylate uuU The level of 
tiansfected Trx mRNA expression was lelatively low. being only 
0.2-»1.4.fold the endogenous mouse Tnc mRNA. Western blotting 
showed no significam tnetease in the level of Xrx protein in the cells 
compared with wild-type or vector alone-nansfected cells (results not 
shown). 

The Trx-transfccied NIH 3T3 cells grew at the same rate on a 
plastic surface, but reached saturation densities up to twice that of the 




MCr-7 NIH 3T3 



ri|. 3. Snmulmon of the pralifeniion ot MCF>T human bfcaM cancer <ti\^ md mouse 
Nm m cells by human Tn. CelU wett fro«(h vmied tn D.MEM containmp 0.«<r FB.S 
for 4S h M ttui Um were 0.4 n tO-* cells, n which umc the mtAmm »» fepiai,*cri Wiih 
fmh OMEM wtU« iBi or wtuioui iZl I Human Tn. Celt numtter% ^^cre mrawred 4H h 
laicT. Viiucs ue the mean oi ihrre Jetcrminaiioni: ban. S£. 
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vector alonc-tnnsfectcd NIH 3T3 cells (Fig. 2). The vector aione- 
innsfccied cells had ihc same growth chancierisiics of wild-cypc NIH 
3T3 cells. NIH 3T3 cells tninsfecied with the fcdox-inaciive C32S/ 
C35S Trx grew more slowly and reached a lower saturation density on 
a plastic surface than the vector aione-iransfected ceils. Neither the 
vector alone -transfected NIH 3T3 cells nor the Trt or C32S/C35S Trt 
tninstected ceils formed colonies in soft agarose (results not shown). 

The ability of iransfected NIH 3T3 cells to form tumon when 
inoculated into tmmunodetlcieni mice is used to identify neoplastic 
tnmsforming genes <24). When the Trx-uwfccted NIH 3T3 cells 
Thio6 or ThioAD were injected i.m. into SCID or nude mice, there 
was no tumor fonnatton over 40 days {results not shown). Thus. Xrx 
expression, ai least at the level obtained in this study, was not, by 
itself, tnmsforrning. 

Trx and C32/C35S Transfection of MCF-7 Breast Cancer Cdls. 
Human solid cancer cells generally show i greater prolifention re- 
sponse to added Trx than do mouse fibroblasts ( 10. 1 1 ). This is shown 
for MCF-7 human breast cancer cells compared with NIH 3T3 cells in 
Fig. 3, Thus, we also studied the cffccu of Trx transfectioo using 
MCF-7 breast cancer cells. Tnmsfection of MCF.7 cells with Trx: 
pDC304nco yielded 3 1 clones thai stably overex pressed Trx mRNA. 
and transfection with C32S/C35S:pDC3b4neo yielded 45 clones sta- 
bly expressing C32S/C35S mRNA. Expression of iransfected mRNAs 
by some of the clones is shown in Rg. 4. As seen previously with the 
moiise cells, the u^sfeeted human Trx mRNAs in MCF-7 cells were 

larger than endogenous human Trx mRNA. The level of Trx mRNA 
expression was up to O.S-fold and C32S/C35S mRNA up to 2. 1 -told 
the endogenous Tn mRNA levels. Light microscopy showed no 
difference in the appearance of vector alone transfccicd and Trx- 
transfected MCF-7 cells growing on glass coverslips < Fie. 5 ). and both 
were similar to wild-type MCF-? cells. In contrast.' C3 2 S/C35S- 
transtected MCF-7 cells appeared more rounded and had a reduced 
cytoplasm-to-nuclcus ratio. 

Quantitative Western immunobloitine showed no significant in- 
crease in the level of Trx protein in the transtectcd .VICF-? cells 
compared with vector alone-transfected MCF-7 cells, except for one 
clone (Table I ). There was. however, a significant eO'^ increase in the 
secretion of Trx into the medium by three of the clones compared with 
the vector alone-transfected MCF-7 cells. The ihrre other clones 
showed a 20-50% increase of Trx in the medium, but this was not 
statisricaily significant. Thus, it appears that most of die exu3 Trx and 
C32SyC35S produced by the iransfected cells is secreted into the 
medium. 

All of the iransfected MCF.7 cells showed linear growth charac- 
terisiics on plastic surfaces over 7 days. The Trx^iransfcctcd cells 
grew at die same rate as die vector alone-transfected .MCF-? cells 
(Fig. 6). However, when grown in the absence of. or with 0,5^t FBS 
for 2 days, die Trx-transfecied cells grew at twice die rate of the vector 
alone-transfected cells (results not shown). The C32S/C35S -irans- 
fected cells grew at a significantly slower rate that was 56-78«t of the 
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vector alone -nnsfecm cetls iFig. f *olony fonnmitti *m -^inuV.-"; ■.. 
wauuy increased between 'd- tnd' .old '-for the Tn^raiufecied"'"" 
MCF*7 cells compareil with the veaor alone<iransfeciefl cells, and 
siymficaftUy decreuco up to 73'^ for the C32S;C3 jS-cnnaected ccih 
when the ctlU were frown in soti ataiose. The wtot akxK*irans> 
lected cell* ihowed growth characumuci idcnucal lo uxne of wild- 
lypc MCF*7 celb under all conduioni ttcsulu not sl;jwah 

Tumor Fomudon by Tn* »nd CSZS/asS-tmsiectcd MCT*? 
Cc&L The vector aione>irvisiected MCF-7 ctila injected inio SQD 
mice formed tumon that grew at the ume nte at '***n*nifmrd 
MCF-7 celli we have seen in other tiudtex. Trx-danifeoed MCF-7 
ctlii formed lumon \r SGD mice. aiUioufh they prw u a tifnifi. 
canity slower rate than wmon formed by vector alDW'innsfeaed 
37% for Tm 1 2 cell* and n<k for Trx 20 eelU ifaoth /» < a05 
by kait iquares regression anaiysis: Fig. 7). Tumor fomaDon by the 
C32S/C3jS-Knnsfccied MCF*7 cells was aimou completely sup- 
pitaed. Tissues from the injection site and other organs were taken 
for hiiiolo|ical eiaminaiion at the end of the swdy. The animals 
mjocied with vector alone or Tni*iransfected cells showed Ur|e solid 
oonon. The inimaia injected with C32S/C32S-transfccied cells 
ihowcd tmall Riierascopic nimor cell deposits. Theiv was ao evidence 
of nmor mcBsiasis to other organs m any of the animaiL Nonhem 
analysis of the ntmor taken from animate injcned with Tnt-tmstetcd 
csUi showed me picsence of transfeoed Tn mRNA as ddemuMd by 
iu tofc sue Ireaiilu not showni. 
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DISCUSSION 

Tfx regulates the redoa sute and activity ot a number of intigceU 
luUr proteins that control cell inmth. including noonucleouUe reduc- 
use ( and the DNA binding of levenl transcription facion i2-4i. 
Recombtnant human tn added to normal and cajjcer cells in culture 
sumulates their proliferation ill i. However, u has not been demon- 
strated thai enoogenousiy produced In can stimulate cell prolifera* 
lion. Funhermore. the role Tra may play m malignant ti^nstormaiion 
of cells is not known. The pmem study was undertaken u address 
some of these questions. NIH 3T3 cells transfecied wiih Tn showed 
an incicased cell saturation density when grown as a monotayer on 
p*a«ie suzfaees. Loss of contaa inhibition is a feature of innsfonned 
cdto a4V and the cell saniraiion dcnsiiy of the Tra-transfected N!H 
3T3 celU wu similar lo that seen with odier transformed, weakly 
nunofiiemc mouse jn cell lines i25i. Howrver. the Tn-iransfected 
NIH 313 cells did not fam luinon when inoculated into immonod- 
eficiem mice. TTie Trx-iransfected NtCF.7 cells did not show in- 
cnaaed growth on plastic surfaces in normal FBS. but exhibited^ 
signiftcamly increased anchoageMndepcndem growth meaniicd by* 
colony fonnuton in soft agarose. It is tutpfuing thai when ihe 
Trx*ifansfecicd MCF.7 ceUs were grown as aenoerafu in SCID mice, 
they exhibited decreased growth rate compared" with vector alooe- 
innifectcd MCF«7 cells. This may be because human Trx can snm- 
uiaie the immune system of mice^ so thai Trx secreted by ihe tnnii- 
feeted MCF-7 cells might promote some immune rejection, even by 
the SCID mice, which, although deficieni m mature B and T lympho- 
cytes, have natural killer-, myeloid*, and anngen-presemmg celU (26i. 

Both NIH m and MCF.7 breast cancer celb «i«feeted with the 
C32S/C^S Tn showed slowed grow^n mes on a piasuc surface. In 
iddkion. colony formauoo by MCF.7 breast cancer ceils in soft 
agarose was considerably decreased. VrTien injected tmo SCID mice, 
the C32S/C33S-tnnsteaed MCF-7 cells formed only microscopic 
mmon. C32S/C33S is a redoi-tnactive muoni Trx that acia as a 
compcutive inhibuor of Tn ftductas< (lOl. Our X-rav crysiallo- 
graphic studies have identiHed a hi«niy coniened \1 ammo acid 
hydrophobic suriacc on mammalian, out not ea>;ienul. Trx>. whicn 
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Fif. 7. Crmikih of Tra and C32S/C?SS*tf3iufccitd MCF-T bieaai cancer ccUi in SQD 
tmce. Fcnuk SCID mice implaitxcd vc. 1 dayt pfcvmshr with a 21 •day releue pellet oi' 
0.22 ffl| or l7-3-tf«ndiol *erc tn^ied ix. with ^ x I(f niufecied MCF'7 cells in O.l 
ml of 0.9q- NaC) and 0.1 ml m( Mathgcl. C. MCFara. pOC304 vccux iiane<matfccted 
MCF-7 cells: Tn II Tn<iraiisiecicil cells: & Tn 2a ihiofvdD&in-aansieaed celb: ▼ 
Serb 4. C32S/C33S>cniiftfecied cells: C Scito 19. C32SOS5Hiinafeaeti celU. There 
weft four mice per frvup. Tumor ffowiA wu nuMuw d twice a week tor 40 days. The 
n*3-<uradiol pellet was leplaeed 4t 21 da>&. Values tn tnniL Ban, SE. 



Stabilizes the Cys^' -mediated disulfidc-bondcd dimer (27>. The phys- 
iological function of this Cys^^-Cys^^ linked Trx dimer is not known. 
The surface structure of C3"»SyC35S is very similar to that of Trx (21) 
so that C32S/C35S is likely to participate in the formation of a 
heterodimer with Tnc and thus might lower Tnt monomer concenira* 
tions or affect the biological activity of the dimer. Unlike wiki*type 
Ta« C32S/C35S does not stimulate cell growth when added to the 
culture medium. C32S/C35S might also an as a competitive inhibitor 
to the normal redox-aciive substrates of Trx. Whatever the mecha- 
nism, it appears that C32S/C35S acts in a dominant-negative manner 
to inhibit the effects of endogenous Trx and. in so doing, inhibits cell 
growth and reverses the transformed phenorype of MCF-? breast 
cancer cells. 

Most of the added Trx or C32S/C33S protein that is produced by 
the uansfected cells appears lo be secreted into the medium. Whether 
the transfected Trx is produced in a diffcrrm compartment to endog- 
enous Trx. allowing it to be secreted, or whether a constant proportion 
of Trx is secreted is not known. Trx is known to be secreted from cells 
by a leadcrless secretory pathway (17). The concentrations of Trx 
found in the medium, up to 10 qm after 6 h. are lower than chose 
required to directly stimulate cell proliferation (lU. However, we 
have recently found that Tn at nanomolar concentrauons will poten- 
date the growth effecu of cytokines such as interleukin-2 and basic 
nbroblasi growth factor^, h remains to be established whether die 
extra Tr% is producing its effects on cell proltferauon through an 
intracellular or an extracellular action, h should be noted that Trx 
binds to the surface of cells (1 1. 28) so that secreted Trx could have 
a local effea at the outer cell surface although concentrations in the 
medium are low. 

The levels of transfected Trx mRNA in cells were not high, only up 
to 1-fold endogenous Trx tnRNA levels, and weir independent of the 
mammalian uansfection vector used. Typically. mRNA levels result- 
ing from transfeciion using such veaon arc lO-30-fold or higher 
(29). It may be that high levels of Trx gene expression are toxic to 
cells. We have found only a low expression of the human Trx gene in 
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,runMien.c mice.' In .ontrasi. some human lumon sho* very hish 
level> ut Tn mRNA .nmpareil «.«ih (he nonnal ii«ue: more ilwn 
1 l.(oia in human pnmat> luna turoor. . 30. anO even higher .n human 
pnmar, colon ium.»r. .1?. li is not known why higher Trx mRNA 
leveU couia noi be obuineU .n inn.iecteJ celU. We wete unable u. 
obuin .ran^fonnaion o.' NIH JT3 cells with Tn. U «ma.n. to be 
demon^tratea whether *e much higher level* ot Trx expression seen 
m «mw human tumors might be tranvtoiroing. 

The obNcrvMion thai a rtdox-inaciive dommant-negauve Trx re- 
venes the translormed phenotype of MCF-7 cells suggests that drug> 
thai inhibit the redox activity ol Tn might otTer a novel approach to 
naiins wme forms ot human cancer. Alteniatively. mhibiung the 
enzvm^ responsible for the reduction of Trx. the ilavoprotein Trx 
reductase, mishi also lead to a selective inhibiiwn of cancer cell 
growth. We have shown previously that some antitumor quinone*. 
including doxorubicin and diaziquone. are mechanism-based (suicide 
substrate', inhibitors of Trx reductase both in the purified form and in 
intact cells (31). Hov.'ever. the antitumor quinones have many other 
effects that could coninbute to their antitumor aaivity (321. On the 
basis of our iransfection smdies. it would be of great interest to see 
what effect selective inhibitors of Trx or its i«duciase have on cancer 
cell nowth and transformation. 

In' summary, our results have shown that stable uansfection of 
nonininsformed mouse fibroblast-like cdls and human breast cancer 
celU with human Trx leads to lo* levels of ovettxpress.on and 
increased cell saturation densities but no transformation, measured by 
tumor formation of NIH 313 cells in immunodefieiem mice. Stable 
tnuisfection with redox-inactive mutant Trx results in a dominant- 
negative effect wiih inhibition of mouse cell Mid human breast cancer 
ceil growth and reversion of the tnnsfonned phenotype of human 
brtatt cancer cells, measured by dieir ability to form colonies .n soft 
agirose and to fotm niraors in mice. The Trx produced appears to be 
secreted mosUy from cells, and whether the Trx is having an intra- 
ceilular or exncellular action remains to be determiBed. 
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In the majority of the subjects tested (8/10), human primaTy gastric carcinomas 
tliioredoxin was over-expressed in tumor cells compared to normal mucosa, and in all cases 
the over-expression was found only in the cancer cells and not in stromal cells or infiltrating 
lymphocytes. Levels of thioredoxin significantly higher than in normal dividing cells, were 
found in 5/8 of the over-expressing carcinomas. To relate thioredoxin over-expression to cell 
proliferation and apoptosis, nuclear proliferation antigen was detected by Ki67 antibody and 
apoptosis by the in situ terminal deoxynucleotidyl transferase (TUNEL) assay were measured 
in the same tissue samples. (See Table 1). Thioredoxin expression was significantly and 
highly positively correlated with nuclear proliferation antigen (p<0.01) a marker of 
aggressive tumor growth and highly negatively correlated with apoptosis (p<0.001) a form 
programmed cell death that is presumed to limit tumor growth. Thus, thioredoxin is over- 
expressed at the mRNA and protein level in a number of human primary tumors. Further, the 
expression of thioredoxin protein is directly associated with highly proliferative tumors. 
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Table 1 . Stai ning of ThiorRrioxin in Human Gastric Cancers: 
Comparison with Cell Proli feration and Auoptosis 
Staining scored as absent (0) or weak (+) to intense 
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* == gastric pits; NE = non evaluable 



MCF-7 human breast cancer cells were transfected with cDNA for thioredoxin 
or with a catalytic site redox-inactive mutant thioredoxin, C32S/C35S. using two constitutive 
eukaryotic expression vectors (pRXneo and pDC304neo) and a number of clones were 
selected for each. The level of transfected thioredoxin and C32S/C35S thioredoxin mRNA 
was up to 2-fold the endogenous message. Both types of transfected cells showed increased 
thioredoxin protein production, measured by quantitative Western blotting, up to 100% that 
of mock-transfected cells. 
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There was little difference in the growth of the transfected cells formed up to 
4-fold more colonies when grown in soft agarose and the C32S/C35S transfected cells formed 
up to 80% fewer colonies as illustrated in Figs. 4A-B. 

When these cells were injected into scid mice the thioredoxin transfected cells 
formed tumors while the C32S/C35S transfected cells did not form tumors, as illustrated in 
Fig. 5. This was confirmed by histology. Thus, a dominant-negative redox inactive 
thioredoxin can reverse the transformed phenotype and inhibits tumor growth in vivo 
providing molecular biology evidencing that thioredoxin is a novel target for anti-cancer drug 
development. 

4.3 USE OF TfflOREDOXIN AS AN ANTI-TUMOR DRUG TARGET 

Although thioredoxin is a known protein, it has not been disclosed or 
suggested that thioredoxin be used as a screen for anti-tumor agents. It has now been shown 
that stable transfection of the MCF-7 breast cancer cells with a redox-inactive mutant 
thioredoxin causes inhibition of anchorage-independent growth of the cells in soft agarose 
and causes complete inhibition of tumor formation in vivo. The redox-inactive mutant is 
fomied from thioredoxin where the catalytic site cysteine residues are replaced with serine. 
Further, it was shown that the mutant thioredoxin did not inhibit monolayer growth of the 
cells, i.e., does not inhibit normal cell growth, while it causes inhibition of anchorage- 
independent growth of the cells in soft agarose, i.e., does inhibit an in vitro characteristic of 
tumor cell growth. This is the activity that would be expected from drugs that inhibit 
thioredoxin. 
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4.3.1 EXAMPLES OF AGENTS THAT INHIBIT THIOREDOXIN 

Agents thai inhibit thioredoxin have been identified in accordance with the 
present invention, such agents may be antibodies, drugs or antisense. A series of 
raisymmetrical 2-imidazolyl disulfides were investigated as inhibitors of the thioredoxin 
system and as potential anti-tumor agents. Although these agents were originally identified 
as competitive inhibitors of thioredoxin reductase (Oblong JE, et al., Cancer Chemother 
Pharmacol 34:434-438 (1994)) but it has now been shown that they also to bind irreversibly 
to Cys" of thioredoxin and to block its reduction by tliioredoxin reductase. A number of 
these disulfide compounds have been studied and have demonstrated anti-tumor activity 
against human tumor xenografts in scid mice with up to 90% inhibition of MCF-7 breast 
cancer and HL-60 promyelocytic leukemia growth. It has now been demonstrated that the 
imidazolyl disulfides inhibit thioredoxin-dependent cell growth (Oblong JE, et al., Cancer 
Chemother Pharmacol 34:434-438 (1994)) and that their growth inhibitory activity in the 
National Cancer Institute 60 human tumor cell line panel correlates with levels of thioredoxin 
mKNA in these cell lines (Berggren M, et al, Anticancer Res 16:3459-3466 (1996)). A 
COMPARE correlative analysis of the activity of the lead disulfide compounds in the NCI 
cell line panel with over 50,000 compounds already tested for cell growth inhibition by the 
NCI was conducted in order to identify compounds with a similar pattern of growth 
inhibitory activity. Some of the compounds identified in this way were inhibitor of 
thioredoxin reductase and some were inhibitors of thioredoxin. 
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4.4 USE OF THIOREDOXIN REDUCTASE AS A TARGET FOR INDUCING ANTI- 
PROLIFERATION 

Although the general properties of human thioredoxin reductase as a protein 
and the cDNA base sequence of human thioredoxin reductase has been known in the art, it 
has now been discovered that thioredoxin reductase is useful as an anti-cancer drug target. It 
has now been shown above that redox activity is necessary for the grov^h stimulating activity 
of thioredoxin. Since thioredoxin reductase is the only known way for thioredoxin to be 
reduced biologically it is an obvious extension of the above observations that thioredoxin 
reductase could also be a target for the development of anti-cancer drugs. 

4.5 USE OF RECOMBINANT MODFIED THIOREDOXIN FOR STIMULATING 

CELL GROWTH 

It has been discovered that human thioredoxin, and specifically recombinant 
modified thioredoxin (mutated thioredoxin), does not undergo spontaneous oxidation and/or 
dimer formation, or protected against breakdown by blood and tissues, may have therapeutic 
utility in situations where stimulation of cell growth is preferred or required. In a non- 
limiting embodiment of the present invention, such new uses include, and are not limited to, 
the beneficial use of thioredoxin and/or recombinant modified thioredoxin in stimulating cell 
proliferation in individuals (1) with myelodysplastic syndrome; (2) in need of bone marrow 
transplantation; (3) with post-chemotherapy to stimulate bone marrow growth; (4) in need of 
stimulation of the immune system; (5) in need of stimulation of would healing; (6) such as 
transgenic animals in need of stimulation of body gi owth; (7) in need of simulation of the 
responses to sytokines and growth factors for growth stimulation effects; and (8) in gene 
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therapy techniques. 

The underlying defect in myclodysplastic syndrome is decreased multilineage 
progenitor cell growth associated with decreased sensitivity to growth factor stimulation. 
Thioredoxin acts to increase the sensitivity of cells to growth factors and stimulates 
multilineage progenitor cells which provides a beneficial utility in individuals with MDS. 

In individuals in need of bone marrow transplantation, it would be of great 
utility to promote the growth of transplanted cells. Thioredoxin may be used to protect 
hematopoietic progenitor cells and to expand cells ex vivo for bone marrow cell growth. This 
would rely on a selective effect for bone marrow since tumor cells might also be stimulated 

by the thioredoxin. 

It would provide a great benefit to individuals subject to chemotherapy 
treatment to selectively stimulate bone marrow cell growth post-chemotherapy. 

It has been found that Cys73-»^Ser mutant thioredoxin will stunulate the 
proliferation of human immune cells in culture, which can provide a great benefit to 
individuals in need of stimulation of inunune system cells. 

Wild-type and Cys73-^Ser mutant thioredoxin also stimulates the growth of 
fibroblasts, which are important components of wound healing process. There would be a 
great advantage of using thioredoxins to stimulate wound healing, for example after surgery. 

It has been found that wild-type thioredoxin expressed as a transgene in mice 
may be lethal or is only weakly expressed. Therefore, it is possible that construction of 
transgenes with wild-type or mutant forms of thioredoxin, with or without tissue specific 
and/or inducible promoters, could be used to stimulate the development of the animal or the 
growth of selected organs. 
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It has been found that thioredoxin can potentiate the response of cells in 
culture to +growth factors and cytokines such as IL-2 and fibroblast growth factor (FGF). 
Combinations of thioredoxin with other growth factors or cytokines therefore increases the 
therapeutic usefulness of these growth factors where increased cell proliferation is the desired 
therapeutic effect. 

Introduction of the thioredoxin or mutant thioredoxin genes into human cells 
provides a mechanism of improving the therapeutic usefulness of other cytokines or growth 
factors given directly or themselves as gene therapy, for example IL-2, 

4.5.1 EXAMPLES OF STIMULATION OF CELL GROWTH USING THIOREDOXIN 
PROTEIN 

Although thioredoxin mRNA has been found to be over expressed by some 
human tumor cells, it has been discovered that thioredoxin, specifically recombinant 
modified thioredoxin also stimulates cell growth. 

A novel mechanism or over-expression and secretion from the cells by a 
leaderless secretory pathway has important consequences for potential therapeutic uses of 
thioredoxin as explained below. It has been discovered that human recombinant thioredoxin 
undergoes spontaneous oxidation in air to give a form that will not stimulate cell growth. 
This spontaneous oxidation appears to involves Cys73 since a mutant thioredoxin where this 
residue has been converted to serine (Cys73-^Ser thioredoxin) does not undergo this loss of 
activity. X-ray crystallography studies of wild-type and C73S thioredoxin show that 
thioredoxin has a highly conserved hydrophobic dimer forming surface and that Cys73 
stabilizes homodimer formation through a Cys73-Cys73 disulfide bond (Weichsel A, et al. 
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Structure 4:735-751 (1996)). The active site Cys residues become relatively inaccessible in 
the thioredoxin homodimer so that it is a very poor substrate for thioredoxin reductase. The 
thioredoxin homodimer does not stimulate cell prohferation. The half life of recombinant 
human thioredoxin in phosphate buffered 0.9% NaCl at -20°C is 6-8 days. Thus, the wild 
type thioredoxin is not a good protein for therapeutic use because of its tendency to oxidize 

and lose biological activity. 

It has been found that wild-type thioredoxin loses its ability to stimulate cell 
proliferation even over a few days even before formation of the Cys73-Cys73 disulfide 
stabiUzed dimer. This appears to be due to modification of the monomeric form of 
thioredoxin possibly involving reversible dimerization without covalent linkage, or to other 
oxidative events in the proteui. In contrast, it has been found that Cys73^Ser thioredoxin is 
stable in solution over several weeks, even at room temperature, and does not dimerize. 
Cys73-*Ser thioredoxin is as effective as wild-type thioredoxin at stimulating cell 
prohferation and retains this abiUty with no loss over many days and, thus, appears to be 
more suitable as a potential therapeutic agent. 

In order to investigate whether thioredoxin and mutant thioredoxin proteins 
have activity in intact animals I studied the ability of the Cys73->Ser mutant thioredoxin to 
prolong the life of mice that had been lethally y-irradiated and which, if untreated, die fyym 
bone marrow suppression as shown in Table 2. Mice that had been injected with the 
Cys73->Ser mutant thioredoxin survived 850 Gy y-radiation whereas non-injected mice died. 
Thus, Cys73->Ser mutant thioredoxin can prevent the death of lethally y-irradiated mice. 
While not wishing to be bound to any particular theory, it is presumed that this effect is due 
to stimulation of bone marrow cell growth. 
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Table 2. Protection Against Radiation Induced Death 
by Cys73-»Ser Mutant Thioredoxin 
Mice received 8.5 Gy y -irradiation. One group of mice was treated with Cys73-^Ser 
thioredoxin in 0.9% NaCI 0,85 mg/mouse injected /.v. 30 min before and 24 hr after 
radiation. There were 6 mice in the control group and 4 mice in the treated group. The 
study was terminated on day 30, 
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16 
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16 
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Evidence that Cys73-^Ser mutant Thioredoxin stimulates the growth of bone 
marrow was obtained directly by adding Cys73-^Ser mutant thioredoxin directly to human 
bone marrow and studying its effects on colony formation by the cells, as illustrated in Fig. 1. 
Cys73^Ser mutant thioredoxin stimulates colony formation by the muitilineage progenitor 
cells (CFU-GEMM) but does not stimulate the lineage specific crythroid progenitor (BFU-E) 
and myeloid progenitor (CFU-GM) cells. 

Fig. 1. illustrates the stimulation of human bone marrow colony formation by 
Cys73-*^Ser mutant thioredoxin, in accordance with the present invention. Human bone 
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marrow was obtained as excess material from tiormal allogeneic bone marrow donors. The 
effects of Cys73-»>Ser thiorcdoxin on colony formation are shown by (o) multiUneage 
progenitors (CFU-GEMM); (•) erythroid progenitors (BFU-E); and (V) myeloid progenitors 
(CFU-GM), as measured over 10 days as described. (Values are the mean of 4 
determinations and bars are S .D .) 

It has further been found that Cys73^Ser thioredoxin can stimulate cell 
proliferation by increasing the response of the ceUs to other cytokines or growth factors such 
as interleukin-2 (IL-2) and fibroblast growth factor (FGF) as illustrated in the chart in Fig. 2. 
Fig. 2 illustrates potentiation of IL-2 induced MCF-7 breast cancer cell growth by 
Cys73->Ser mutant thioredoxin, in accordance with the present invention. Cells were growth 
arrested for 48 hr in medium with 0.5% serum (10' cells) then stimulated in the absence of 
medium with either IL-2 or Cys32^Ser mutant thioredoxin at the concentrations shown. 
Cell number was measured after 48 hr. Each point on the chart represents the mean of 3 
determinations and bars represent S.E. The dotted line shows stimulation by 10% serum. 

In addition, antibodies to the receptors for the growtli factors can block the 
response to these agents, in accordance with the present invention as shown in Fig. 3. Fig. 3 
illustrates the inhibition of thioredoxin stimulated MCF-7 cell growth by receptor antibodies, 
in accordance with the present invention. Cell proUferation was measured as described above 
in the context of Fig. 2. The concentrations of agents used were Cys73->Ser mutant 
thioredoxin (Thioredoxin) 1 yM; monoclonal antibodies to FGF receptor, IL-2-receptor and 
EGF-receptor 4 ng/ml; and EOF 10 nM. The EOF and EGFR were added as a negative 
control. Values represent the mean of 3 determinations and bars represent S.E. The dotted 
line shows the effect of 1 0% serum alone. 
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Therefore, the discovery that human thioredoxin, and specifically recombmant 
modified thioredoxin, does not undergo spontaneous oxidation and/or dimer formation has a 
tremendous potential in vivo utility in situations where stimulation of cell growth is required. 
In addition, it may be advantageous to modify the thioredoxin structure to increase the 
potency and therapeutic usefiilness, such as changing the amino acid sequence at the site of 
proteolytic cleavage to prevent breakdown by plasma enzymes. 

Thioredoxin/mutant thioredoxin may have use after bone marrow 
transplantation of cancer patients or together with chemotherapy to stimulate bone marrow 
recovery, or to stimulate the immune system in patients with AlDs. There may be other 
potential therapeutic applications for thioredoxin/mutant thioredoxin such as increasing the 
rate of wound healing. If a thioredoxin or mutant thioredoxin gene could be introduced into 
an animal as a transgene this might result in an increased growth rate of the animal. A 
thioredoxin transgenic mouse has been developed, although the levels of gene expression are 
very low and the animal does not show an increased growth rate. However, a gene for mutant 
thioredoxin might be more effective in this regard. The use of mutant thioredoxins may not 
be limited to the Cys73^Ser mutant. Mutation of the other Cys residues can also affect 
biological activity (30). There are also other amino acid residues on the hydrophobic domain 
of the molecule that X-ray crystallographic studies have shown might also be important for 
dimer formation.. Mutation of these and possibly other amino acid residues, might alter the 
biological activity of thioredoxin. 

The in vitro cell growth stimulating activity of human thioredoxin has been 
previously reported for human lymphoid and solid tumor cancer cells (Gasdaska JR, et al. 
Cell Growth Differ 6:1643-1650 (1995); Oblong JE, et al, J Biol Chem 269:11714-11720 
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(1994)) and for mouse fibroblast cells (Oblong JE, et al. J Biol Chem 269:1 1714-1 1720 
(1 994)). The production of a Cys73-»'Ser mutant thioredoxin has been previously reported. 
In one study it did not act like wild-type thioredoxin as a component of a complex cell 
growth stimulating factor called "early pregnancy factor" (Tonissen K, et al., J Biol Chem 
268:22485-22489 (1993)). In another study it was reported that Cys73->Ser mutant 
thioredoxin did not form a dimer, but cell growth stimulating activity by the mutant 
thioredoxin was not investigated in ttiis study (Ren X, et al., Biochem 32:9701 -9705 (1993)). 
However, the ability of the Cys73-^Ser mutant and other mutant thioredoxins to stimulate 
cell proliferation has not been reported. There have been no prior reports of administration of 
wild-type or mutant thioredoxins in vivo. 



4.5. 1 ROLE OF OXIDATIVE INACTTVATION OF TfflOREDOXIN AS A CELLULAR 
GROWTH FACTOR 
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ThiorcJoxin (Trxl i> a wjJclv Ji>r:irurcJ reJux prutcin chat reuulatc? *cvcr.n incracclluiar reJux- 
<,cist> anJ scimulateb chc prv^lircr.inon bi>fh nurmal jnJ tumor cclU. ^'c hjvr rounJ :hat whcr. 
ihbcncc t^t rcJucinii airenti, human recombinant Trx unJcrgoea spi>ncanci>u> oxidation, ioiini^ it> 
ulnte iiroath, but \s atill J sub^cnte for SADPH-JercnJenr reduction pv human rhtofcdoxin 
:re is o slower 5pim:ane\>ui conver^iun of Trx ro a hominjimcr that i> nor j ;ur^rnite ror 't Jucfion 
1 reujcta^e .inJ that Ji^c* not atimulate cell pn^liremtum. Bi^th convenioni :an be :nJuccd bv 
ants and are reversible bv trcarment wirh the chuJ reJucmc a^ent liithiothreicol. frS-PACE 
Trx unJer«i>cb oxidation to mv>ni'>mcnc tormvs^ precedmii dimer rormatum. We havL- rcccntlv 
ay cr\'scalU^praphv that Trx forma a dimer chat n itabtlued by an intcrmulccular Cvr ^-Cvs ^ 
. A Cvs"^ Ser mucanc Trc (CT3S) wa:» prepared to determine the role ot Cys'^ m oxidanve 
Towth stimulation. C73S was as etfeccive a> Trx m scimubcmB cell jrowrh and was a comparable 
ntorednxin reduces^. C73S did not show spontaneous or oxidanc'induced loss of activitv and did 
ner. The results suggest that Trx can exist in monomehc forms, some nt which are mediated hy 
not stimulate cell pruliferacion but can be reduced by thioredoxxn reductase. Cys'^ is also involved 
of an cn:ymatically inactive homodimcr. which occun on long term storage or by chemical 
.us, although clearly involved in protein ttUKCivacion. Cys'^ is not necessary for che orowth 
civity of Trx. 



Trx' is a redox procein found in boch eukaryotes and pnv 
karyoces (!]. The redox activity of Trx arises from a highly 
conserved Trp-Cys-Gly*Pro-Cys-Ly$ active site sequence 
ivhere the 2 cysteine residues (Cys) undergo reversible oxi- 
dation to cystine. Reduction of Trx is catalyted by thiore* 
doxin reductase {2). Trx was originally identified in Esch- 
aidiia coli as a hydrogen donor for ribonucleotide reductase 
(3). Trx has since been found co act as an intracellular 
dithiol-disulfide reductase and to mixiulace the activity of a 
number of intracellular proteins (4-61 including che DNA 
binding of trarucription factors (7-10). Trx-like sequences 
are fourul in ocher proteins including protein disulfide isom- 
erase (1 Ij. There is evidence that Trx may play a n^le in che 
growth and transformed phcnutype erf some cancers. Trx is 



over expressed by a number of human cancers compared 
with normal tissue (12-14]. Wc have recently ihown chat 
transfeccion of human cancer cells with a dominant- 
negative mutant human Trx inhibitt anchorage-indepen- 
dent growth in vitro and tumor tormation m mo (13). 

As well as having imracelluUr actions, Trx acts exi^- 
enously as a redos-accive grouth lacior. Human Trx i« iJen- 
dcal 10 the leukemic cell jutiKrine cr.mch t.u:ut .ulult 
T-cell leukemic factor 1131. anJ *t«nuLitc> the a^-wth 
boch nontial fthwblasts 1161 anJ human hcm.it..U-t:u .inj 
solid tumor cancer cells in culmre llT. 1?|. Trx appfJ^ 
act by a helper mechani.-m thjt ^cnMCCc* the cclU 
gm*th actors secretcJ K the ^iclU thcm^rK c> 1 1 Mutant 
human Tncs. where the C\>'- .inJ Cv?'* tcmJuo at the 
catalytic Mie7 anf Ci«nvencJ r.- 'cnne- 1 ^-.-rV either MncK .-r 
together, are reJv>x iructive anJ Jo not jtimulate cell 
growth 116). TiTC IS secreted from celb bv a leaJerless secre- 
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tun.' pathway 1 1^1 jnd cuuld be iiamu as on juiocnne racior 
ti»r the umwth iif* Mime cancer cells |ld|. 

We have tininii cha: £. coii Trx. unlike human Tnt. Jne^ 
not irtmubice the imiwch tit human aiiliJ cancer celU |18|. 
Tnc itruciures of E. coii .in J human Tnc arc iimiiar. and 
Kith arc ^iub^rratts t'ur human ihuireduxtn reiiuctase. Haw- 
ever. :hc surface rcsiduci ut the two turms vary coruidetablv 
(201. Human Trx has 3 addiuunal qnceme rtstduei. Cys^*, 
Cyi^^ and Cys^\ in addtciun to those in the active sice, 
which do nut nunnallv furm intramolecular disulfide bonds 
[20, 21). Tr:c can also brm a homodimer with a 1100 
interlace daraain and a disulfide bond becween Cys^^ fiDm 
each monomer (20|. During our tnidiea of cell growth 
stimulacion by Trx we observed that stoiage of die Trx 
without a reducing agent for even a few days resulted in a 
Ion of its growch-stimtilattng actxvtcy, although the Trx ' 
remained a substrate for reduction by thioredozin reduc- 
tase. We have, the ref o re , examined the role of spontaneous 
and induced oxidation of Trx and cysteme'deleted mutant 
Ttxs. and their ability to stimulate cell proliferahun. 

MATERIALS AND METHODS 
Prcpsrflsiofi of THioredmnj 

Recombinant human Trx and Cys'" Scr/Cys'^ Ser 
mutant Trx (C32SyC3SS) were prepared and purified as 
previously described (161. Cys*^ ^ Ser mutant human Trx 
(C73S) was prepared from single-sixandedL sense strand hu« 
man Trx cDNA ligated by polvediylene glycol prectptia* 
tion into the pBluescript K5 vector (Stratagene. La }oUa, 
• CA) using R408 helper p'nagc. The single -strarwed cDNA 
was used fur oligonucleotide-di recttd m vim) mutagenesis 
(Version 2.1 Kit* Amentham. Buckingbunshire. UX) us- 
ing oligonucleotide 5*-TCTTCGCATCCATTT. 
GACTTCO*. Point mutagenesis was ccmfirmed hy dtdeiixy 
sequencing of baste -denatured doublcstianded DNA using 
the Se^uenase Venion 2.0 kir (USB. ae\-Bbnd. OH). 
Novel Ndel and BamHl n^tncted sites were introduced at 
the 5' and V ends of the mutant Trx cDNA by oligiv 
nucletittdenitreaed PGl. Ndtfl/BomHi restncted fr ome nts 
were extracted fnim agnnne leels. Ugated tnii) a suitaHy 
restricred pET-3a expression vecnir [22], tramhinncd into 
E. coti BL21 cells and confirmed hy didetntv »c4uencinu. 
C71S Trx w;is expressed and purified as prrvtmsly de- 
scribed 1161. All Trxs were snired at -20* as a 15 ^lM stuck 
solution in 5 mM DTT. Bchwe u«. the DTT remiivcd 
hy passint! the Trx solutiim thnnmh a PD^IO desahintt ail* 
umn (Phurrnacia. Uppsala. Sweden). The Trx dilution was 
kept at 4* and used within I hr iinsh) iir snwed m water or 
O.l 4^1 potassium phi»:*phate-butteTed 0.9% NaQ at 4* or 
-20* h»r specified times. Oxidised Trx for ceU tfwwth stud- 
ies w;u prepared by addini; a 5-tiiU molar excess *it H;0; t4) 
a 25 ^.M Trx stock solumm without DTT and 1 hr later 
removmc unreacrcd H;0: usinu a PD-IO cohimn, 

CiU Qrounh Studus 

iMCF'T hum;in hrcx^r cancer cell> were ohamed-mim the 
Americ:in Tvpe Culture Collection ^RitckvdU. MDK 
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mainniincd in DMEM cuncaininu IC% retul Uwine scrum 
ac 37* and t% CO^, and passavicd ac 75^> cunrtucnce. TKe 
effect ot Trx and miKiihcd Trxi on MCF-7 cell fcjrowch was 
Jetermmed as pnsvumsly described (IS). Bnetly. 10* cells 
were plated in a 3 5 -mm culture dish m DMEM concammg 
10% tetal buvinc ierum and. after aiiuchment tor 24 hr, 
growth arrested ustns; DMEM with 0.5^o fetal bovine senitn 
for 48 hr. The medium was then replaced with DMEM 
containing Trx or other additions for 2 days and cell num« 
ber measured with a hemucytomeier. All incubations were 
conducted in chpltcace. 

Thioredozm Reductiue Assay 

Human placenta thiuredoxin reductase, specific aciivicy 
33 J (unot Trx reduced/mtnymg protein, was prepared as 
previously described (23 1. Reduction of Trx and C735 by 
tfatoredoxin reductase was measured by the oxidation of 
NADPH at 340 nM with insulin as the final eleccron ac- 
ceptor as described by Luthman and Holmgren [2]. 

ElectropKorests 

A 25 jlM solution of fresh Trx. mutant C73S or C32S/ 
0355 Tcxs; Trxs that had been aged at room cemperamre 
for 48 hr, 7 days. 90 days; or Trxs treated far I hr with I mM 
diamide, 10 mM DTT, 3 mM 2-mercaptoechanol or 2:1 
(v:v) H^O^. vk'as mixed wixh an equal volume of loading 
buffer containing 3% SDS. 10% glycerol and 0.1% hrom- 
phenol bkte in 0.05 M Tris-HCL pH 6.8. Approximately 
0.02 pig of the protein was loaded in each latw of a 24 x 45 
cm li5.5% polyacr>'lamide resolving gel (pH 3.4) containing 
0.3% SDS, a 10% spacer gel and a 6% stacking gel and 
separated by electn^phoresis usina an anode buffer of 0.2 M 
Tris-HCl. pH 3.9 and cathode buffer of 0.1 M Tris-HCl 
0.1% SDS, pH 8.2. The gel was nin for I hr at 400 volts 
before loading d\e samples and then at 400 volts ifbr 24 hr 
before fixmg in 50*?ii methanol. 7.5% acetic acid for 20 min. 
followed hy 5% meth5ini>L 7.3% acetic acid for 20 miru 
followed hy 10% gluraraldehyde for 20 mm. The gel was 
soaked in 2 L H^O ovemiehr z\) remove unKxind SDS and 
then silver sntned (ICN Silver Swin Kit. lr\-ine. CA). 
Similar obsen^atii^ns were nuidc when the uels were stained 
with CiHimassie Blue. 

RESULTS 
Qrowth Stimuiadan 

Cys'^ Scr mutJi\t Trx (C75S) stimulated the pmlifcra- 
tion of human MCF-7 breast cancer cells. The EQo 
OTwth stimulacum by C73S wiu 350 nM and the maximum 
effect was seen at I which is simibr to values we have 
previously reported ti^r srimulanon of MCF-7 cell prolifera- 
tion bv recomrmant human Tp; |IS|. StoniLt: of Trx in the 
absence of a reducim: Jiicnt ^ucn .ls DTT .it 4* for 5 davs 
rebuUed m a T5''.i U^s*. and u^r ^ davs ;i '^S";! li»» cell 
jiriHvth ■itimularin!: .icnvirv iF;v IV In contrast. C37S 
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Scrum Thxortdozin C73S Thtartdasta 



Siortd it 4*C (days) 0 S 90 0 5 90 

FIG. I. ScimuUdon of MCF«7 bmst oncer etil powtfa by 
and afed Trx and C73S. eaOt «m growih 

amttd and ifac sdmtihnoa of etO pro&foaikia mumu w d 
over 2 days tiaing I |iM Tfx or C73S diac waa frnb or had 
been scortd ai a 23 |iM stock sohidon widiout rodudng 
tot S days or 90 days ac 4*. Also shown fior wJuinct 
ia the dftct of 10% fieai bovine scrum. Each vahio is dM 
mean of ) decerminadons» and ban an SEM. 



showed no loss of aciivtcy when stored under these condi- 
cioiu. Tnc srureJ in die presence of bovine caiaiase ac 1 
unit/ml did not lose btologicai accivicy over a S^day period 
(resulo noc shown). 

Reduction of TUoredoonns hy ThwrcdoBn Hrrlnft i w c 

C73S was a good subsnace for reduction by human ptaoen- 
al diioredoxin reductase with a K. of OJO^MatKl a 
of 6.3 nmuUmin/M^. These values are similar to thoie we 
have previouily feur^ for fresh TrXt which wm t Kb of 
0J3 >uM and a of 5.9 tunol/mtr>/M [231. 

The d5ea of scoring Trx without DTT on to ability eo 
act as a substrate for duocedoxin reductase wv invesdgmd 
(Table I). When stored in Hp either at -ZO* or at room 
t emp e ra nire Trx showed a loss of activity with a halMifie of 



TABU I. Effbci of storate oi dii o fwdow as subauam ior 
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2r-K The ot'Trx .iccivjrv w;ii mure r.ipiJ '.vhcP. 
st.TcJ in r'no^phatt-Kurtervu 2.9% NiiCl. with a hjit ute -.ir 
: Phi«*rhate huffer known tn cuntain »mall amounts 
.•r m n lZ4j. *hich coulJ catalv:e an oxidative rr^c>> in- 
crcjMni: the U»ii vU' Trx acnvir%*. Alternatively, the lower 
rH of the H)lucion in water cuulJ itabilire Trx ar the in- 
cre:L^ in uinic airencfh of phiisphatcbuft'cred NaCl 
coxxU enhance the ftirmatiun ot the inactive hi>mi)dimer oi 
Trx- The .laevi Trx shi»weJ a slow, debyeJ reduction hy 
thuiredoxm reductase that was stimulated by catalvtic 
amiuints oi mah Trx (Fig. 2). It is impwrtant tu ni>tc that 
the oi actincv of Trs a» a substrate for rhUwtdi^xin 
FeductaM: was much slower thai\ the loss iif activity as a 
stimulator ot cell growth. C73S did not show a loss of 
activity as substrate fir thioredoxir\ reductase upon stoniiee 
hv up xo 3C da>-s. The ahilicy of Trx to act as a suhstmte for 
thiureduxin reductase was ciunpletely inhibited by treat- 
ment with 5 molar equivalents of H^Oi. whertas C175 
remained fully active after treatment with 100 molar 
equiv^alenc; of H^O^ (Fig. 3). 



Multiple Forms of Thutrtdoxin 

Electrophoretic analysis of freshly prepared human Tnc 
stored in DTT showed a mixture of 5 bands of apparent 
molecular weights ranging from 8.1 to U IcDa (Figs. 4, 5. 
and 6, lane 1 ). Storage of Trx ac room temperature without 
DTT resulted in a change in the banding paccem with 
disappearance of the 8.l«kDa band by 48 hr (Fig. 4. bne 2). 
Storage of Trx without DTT for 7 days resulted in d\e loss 
(tf additional bands atui the appeararKe of a new battd at 23 
kDa due, apparently* to a Trx dimer (Fig. 4* lane 3). Storage 
of Trx without DTT for 90 days at 4* resulted in almost 
complete conversion to the Trx dimer (Fig. 4. lane 4). 
Treatment of 7-day aged Trx (Fig. 5» lane 2) with 2-mcr- 
captoethanol resulted in the reappearance of the fresh Trx 
batuitng pattern, except for the 8. 1 -kDa band, which did 
not reappear (Fig. 5, lane 3). Loss of du; smaller bands and 
dimer foimacion was seen when Trx was treated with di* 



no. 2. Reduction of afed Trx by thiofwioxin rwiucta»«. 
The incubadon mixture conained 0.1 M HBPES btilfer. pH 
7.6, 5 mM EDTA. 17 j»M iruulin, 100 jiM NADPH. 15 
UK/ml human thiorwloxin rtductu.. Tfmc« thow ^« 
dMOon of NADPH .t 340 nm .t room ;f "^"^ "7 , ' w 

Tnu D. I 90-aay aged Tnc «nd 30 nM <r«h Trx. 
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nc. y The efiiect of HjOs on ihe teduciion of Tn (fiOed 
ban) ind C73S <open bin) by thtom doaun teducase. Tnc 
•oludons were oeittd with varymf unounn of HsO, far 18 
hn tt room Gempefmmre. Reductu* acnvitT mmmed 
by idding tmrni umpiis to ■ iduison ol 0.1 M HEPES 
buffer, pH 7.6, 5 mM EOTA, t7 iiM tniuiim 100 |iM 
NADPK. 15 iis/ml faumin diiortdonn raductne ai^ nai« 
fun&f the rm of NADPH andmium at 340 un it room 
tempmcun. One haadicd peveem of tfaioccboBn ledueMc 
aomty ii defined u 0.1 abwrbence ludttenB/mM Tn or 
C73S Tex. KjO, hed no cfiecc on the ori dih w of NADPH. 



amide, a prwccin thiol oxuiixing aKcnc [25] (Rg. 5. lane 5). 
The formation of Tnc dimer following diamide trcamient 
was ikho confirmed by gel permeation chnxnatogtaphy (re- 
Mtio not shiiwn). H^Oi ocamtenc of Tnc abo cauied Jimer- 
izacion but produced a different banding partem to thai 
pniduceJ by diamide {Fig. 5. lane 6). Tnraiment of Tnc with 
NEM. a thiol alkylating agent (261. ipvc a single band with 
a slightly ele\-ated apparent molecular wetghc but no dimer 
finmacion (Fiu. 5. lane 4). Tneatment of 7 Jay aged Trx 
with NEM pniJuced both the higher mi»lecular wet^t 
hsind as in Fm. 5. lane 4. and the bands illuitmted in Fig. 5. 
Unc 2 (di«;i not shiiwn). sugsestini! that in the ajied Ta 
not all the >uUKydryb are available tor cm-alent modifica- 
tion. Nime of the chan^w caiaed by NEM were itYeiaed 
with 2-mercapciH;ihanol trracment (data not jhown). 
2-Mercaprocrhsmol revetsedTm dimer Kmnacion caused b>- 
KKh diamide and H;0: rrcantieni (Fiq. 5, lanes 7 and 3) 
but u-as less ctifectivc ac revening changes in the mimo- 
meric banding pattern of Tnc pniduced bv HO. (Fiu 5 
lancS). 

Frwhly rreparcd C73S Tnc and C32S05S Tnc showed 
fewer band* chnn wild n-pe Trx (Fiu. 6, bnea 2 and 3. 
comfarcd wich lane M- Trratmenr of C32S/C33S Tnc wuh 
di;imiJe re:<ulicj in the formation of a 2 ).kDa dimer (Fit. 6. 
liine cV Trcjcmenr ot C73S Tr« wirh diamide ciused the 
Kmds t.'.u.Mlov'tf imo .» Mnde band nf .iround 10 kDa. bur 



PCT/US97/22292 



chert; was no Zl-kDa dimer formed (Fiy. 6. lane 4). 1^ 
effects of Jiiimide on C375 and C32S/C355 were reversed 
bv creiument wich DTT »Fm. 6. lanes 5 and 71 

DISCUSSION 

The study shows chat human recombinant Trx undergoes ai 
learic 2 leveU of sponcaneuus and induced oxidative trans^ 
fbrmacion. The (iist oxidation occurs spontaneously wichin 
a few days to a fbnn(s) chat can no longer stimulate ceil 
growth but remains a substrate for chioredoxin reductase. 
The slower oxidation occurs over a period of weeb. or can 
be induced by the thiol oxidising agent diamide, and leads 
CO a disulfide bonded homodimer which not only iatis to 
stimuiace cell growth but is a poor substrate for thiuredoxin 
reductase. The &ct that similar changes in Trx can be 
induced by chemical oxidation, are protected against by 
catalase and are reversed by the thiol reducing agent DTT 
is consistent with the interpretation that die changes in 
Trx are due to oxidation. Cys^^ appears to play a critical 
role in both levels of oxidant- induced inaccivacion since 
C73S does not lose the biological activity or its ability to 
act as a subtiate for thioredoxin reductase upon aging. 

We have shown by SDS-PAGE that fresh human recom- 
binant Trx can exist in at least five different icates, which 
pn)buhly n:tlect the fully reduces state of the pnxein as well 
as different intramolecular disulfide bonded states due to 
the five cysteine residues present in the protein. While the 
specific nature of these intramolecular disulfide Kinds is not 
known, it is likely that some, at least, are due to non- 



233 . ^ 



io » — I I I . 

8.1 

12 3 4 

FIG. 4. Effect of storage on Trx studied by SOS-PACL Pro- 
tein was stained with silver sain. Lane 1, fresh Trx: lane Z, 
Trx 48 hrs at room eempcranire without DTT; Imne 3. Trx 7 
days at room temperature without DTT: and Une 4, Tnc 
scored 90 davs at 4" without DTT. Position of moiecular 
mass marken in kDe are shown on the left. 
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natur.ii JtiulrtJc W>nJu.. scmccure* •.vhtch fnrm Junni: Jc- 
niituricum .mJ the oxuJi:inu amditU'ru «h extended dec- 
iri'r^iv»rcM> 12T|. The ohsen-.itum :hut C375 and Cj2i' 
C3:S cxhiru j iimplcr bandinc purtcrr, than u-ild-rype Trx 
upi«n SDir-PAGE aL»o :iuggescs char che bandinir pattern is 
due Co disulfide bond fomuition. X-mv structural analyiu 
indicirei that m addition to a dbulfide Kind between Cyi^' 
and Cvs . che only other intramolecular disulfide bond 
chat would form in the nun-deruimred Ttx b between Cys*^ 
and Cys althkiuuh even this would ^c^uire a diffeient 
conromutum tit che protein [201. With che exception ot a 
pi>>iirlc slight nvoJiAcation in Cys^, there it no evidence 
that Cvi**, Cys*' or Cys*"- are oxidiad in Trx CTvaals 
I'ormcd in rite presence of 5 mM DTT (201, The fact that 
crcitmenc of Trx uich NEM pnxiuces only one band im- 
plies that pniv tu denacunittun and elecDOphoreiis firesh 
Trx exuts m a sinjile species. The number of tree thiols in 
tre#h Trx was determined to be 4 J tn 4.6/mnlecule by Ell- 
man'? rcjcenc (2S1 (data not shown), indicating that all five 
cvsiemcs are in the sulfhydryl form. Treatment of NEM- 
alkvlated Trx with oxidizing iv reducing agents produces no 
change in che banding pattern (data not shown), which is 
further endence chac all 5 suifhydryls have been alkylated. 




11.4 

"~ in i* 

8.1 

123456 7 8- 

no. 5. OxidAOon and alkflaiion of Trx nuditd by SDS* 
rAGE. Luie 1, fr esh T nc bme 2, Trx stored at room tern* 
Pmmre without DTT for 7 days: knc 3. Trx at in bnc 2 
^'vsicd with 3 nM Zomcrcaptocthanol: lane 4. fresh Trx 
''^Uftd with I mM N-«fhYlmalatmidet lane S. fresh Trx 
^caiad with \ mM diamine: lane 6. frnh Tn treated with 
J»l ^v-.v) HjOjj lane 7. Trx as in lane 5 created with 3 mM 
^'Qkcrcaptodhanob and Unc & Trx as tn iane 6 treated with 
^0 mM 2*mercapto«chanol. Potttion of molecular masi 
^•rtien in kDa are shown on the left 
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10.6 




10.6 



8.1 



1 2 3 



45 6 7 



FIG. 6. Oabdadoa and mlucliuu of ntimu Ttxi tuij^ bv 
SDS*P AGE. hum 1 , frwh Tnu but 2, fr«h C73S Tnq luie 
3. Ml C32SC3SS Tne hum 4, C73S Tn utmd with t 
mM (fiuBidt; Im 5, C73S Tfx M in hDt 4 Miwl with 10 
bM UTTx hnm 6, a2SC35S Tn tmtad with I mM di* 
amide; and km 7, a2SC35S Tn at in bnt 6 Mattd wlcfa 
10 mM DTI. PfMidon of OAoUcular mail narkm in kDa 
art shown on dia iaft and righL 

Oxidation of cysceinas to sulfenic or sulfimc acidi is un« 
likely to occur spocuaneously (29]. It is miceworchy chat 
HjOj ocacmem oTTn givts rise to a difSerenc monomeric 
banding panem than that of spontarveously ox i d t a d Tn. 
The anginal monomeric banding panem is also noc regen* 
erased by treannent with DTT. As has been previously 
suggesttd fix NADH peroxidase (30], we specubce that 
H^Qi oxidizes the cysteines to sulfienic adds and to the 
i n tfef si bi c wlfinic or sulfonic acid scates. 

During the same time tiuerval that there was a km of the 
growth stimulating activity of Trx, d^ere was a shift of die 
ekctr ophotetk banding pattern. There was a ooUapie of 
the banding pattern with loss of some of the Tn mono- 
meric bands over 7 days, suggesting that Tn may be un* 
dergoing "nttive** incramolecuhr disulfide bond fiDnnaoon 
prior OD eiectrophoresis, which prevcna die fbrmacion of 
random Jisutfkk*bond fecmacion seen with denatutation 
atki eteccmphomis of fresh Trx. A similar phenomena has 
been ohaarvcd with bovine pancreatic trypsin inhibitor IZ7, 
31). Alkylatioo of aged Tn with NEM gave more dian one 
pnxem produa. itxttcatiz^ dut aged Tn exists in multiple 
forms and noc all the sulfhydryb are available (or ttsactiucv 
Since C73S docs mn undergo a similar shitt in handing 
pattern and does not undergi^ Ion of grxiwth scimubting 
activity, it can be assumed that C>'s'^ is involved in this 
intramolecular disulfide Kmd rormntion, perhaps with 
Cys** (Fig. 7). Thus, spimtaneini$ iiginc of Tn i)\*er a few 
davs faults in the inabtlity of Tn to stimulate cell growth. 
nlrhiMieh Tn is <rill a suKtrnte ?rr retiuctum hv rhiorediixin 




nc. 7. Poftition of cfiictnes tn human Trx. Ribboiu and 
ball'and'Mick ncprBfcnciDon BlMVivifks ins reuciwo poHiions 
QfCyt'\ Cyi". Cyf*». Cn** tnd Cyi^\ hmtd on the cryml 
coordinattt for the wild tn* nsduecd protcm [20]* Nimm of 
tht thioU are in ■ ponnon nir ifiwifidc bond fofnunon csi' 
etpt (or the redox active pdr Ctv'^ and Cys". The inter- 
molecular Hinlfirir bond requbisf the last dtscoftioo In the 
protein would be be cw em Cyr" and C^^*. The lulfiirdrTii 
lor dieae mkluu are 9.1 A apnt in tbi model but cooid 
pOttiUy appranch each odicr diroufb locaJ duto c dom m 
naarby renduea. Both renduea m m bopt, maklnf necca- 
aary dastoffdona of encffcdcaUr lower COM. The 
Cyt^ baa already been shown to adopt akemaae coniofm* 
tiora (20), in aupport of ebb poaHfaffity. Ibis figure waa made 
widi MOLSCKIFT (35|. 

reductase. Analysis of che X-ray sauccure of Trx shows diac 
Cys^^ is by far die mosc accosible qrsceine residue and 
possibly the most reactive (331. 

If a solution ufTrx is left long enough, or upon tmnnenr 
with a scn>ng oxidizing agent such at diamide or HfO;. 
there is (timutiun of a 23-lcDa Trx honuidimer. Reduction 
of the Trx dtmer by chiocedoxin reductase is slow and de- 
layed, and is scimubced by low concentiations of fresh Tni, 
suggesting there may be an autocatalytic process. A similar 
conclusion was reached by Ren a d. [34] . Formation of the 
Trx homodimer appears to involve the Cys' ^ residue sItkc 
C73S, where Cys' ' is replaced with scriite. Joes not un- 
dergo oxidation' induced hunuxiimer tbrmntiun as do Trx 
and 0325/0335. Ren it ol. [34| have shown C73S Joes not 
utuiergu oxidative homodimer fnmutitm induced by se- 
lenodichioglutathione. We recently reported the X^ray 
crystal structure of Trx and identified a larcclv hydn^phobic 
dimcr formini; interface that is scibiliied bv a Cv5' ^-Cys*^ 
disulfide K)nJ [20|. Our iiKservatinn chat Trx unJrrcties a 
taster loss lU* acnvirv with thuiicdoxin reducca>e m PBS 
versus water indicates th;it iMn-induced t>xid.-iiiLin or an 



mcretise in lunic strength mav scahilue and enhance dimcr 
tormatiDn. which 15 consistent w,th the hvdntphimic nature 
ot the Jimer intertace observed m cn-stals of human Tr*. 

The importance of the monumenc oxidative rormis) or 
Trx ,s unknown. While the scmctunil nature a vet to be 
idennHed. it dties have diiierent biological ;ictivit>' m »,ur m 
vmo system. Trx 1$ secreted by celU into the extracellular 
cnvtnsnmcnt. which is predominantly oxidiimg. and might 
be expected to undergo monomenc oxidadon. Considering 
to ease ot feimation, it is reasonable to assume that mono- 
meric i«idaaon wiU precede oxidative homudimcr forma- 
cion. Whether this might be sufificient co prevent Tnc from 
acnng as a growth fiuitor is not known. The fonnatton of 
the oxidired monomer inside the ceU is less likely since it 
»riU can be slowly reduced by diioredoxtn reductase and the 
imehor of the cell ta highly reducing. 

The physiological significance of hcmodimcr formation 
« also unknown. What might be Trx homodimer has been 
reported in diamide-treated Jurkat cells [35). We have ob- 
icrved small amounts of the Tnc homodimer bv immuno- 
blotting of untreated MCF-7 breast cancer and other cell 
lysates (Powis et ol.. unpublished ob3er%-acions). It is in- 
triguing to speculate that formation of an oxidized Trx 
monomer or homodimer in response to intracellular oxi- 
dano such as H^O, might be a way mammalian cells detect 
oxidant formation. Trx is believed to exist in normal celU 
atconcentrations from I to 10 jtM (1 12], though in se- 
leoed dsnies and specific cell compartments this value 
could be much higher. It is therefore not unreasonable to 
assume that Trx will undergo homodimer formation in vivo. 
As we observed with the enhanced inactivatton of Tnc in 
phosphate buffered saline, we expect dimer formation to 
precede foster in vivo than we observe in cirro in »-ater. 
Whether dimer formation in vivo would prevent the taster 
oxidation to an intramolecular fonn is unknown. The slow 
autocatalytic reduction of the Trx homodimer to the mono- 
mer would be a way to restore the cell to normal upcmtini; 
conditions aitcr the induction of oxidative stress. 

In summary, we have fuund that human recombinant 
Trx undergoes relatively rapid (over 3 fow days) spomane- 
ous and oxidant- induced conversion to a torm(j) that doo 
not stimulate cell proliferation, but is still a substrate for 
reduction by thioredoxin reducose. There is much 5kmer 
(over a period of weeb) spontanftnjs oxidatiim of Tm co a 
Cys' -.srabiiired homodimer form thar is not a substrate for 
thioredoxin reductase and that also dvna nor stimulate cell 
pwliteration. Both convcnioiu can bt reversed by treat- 
ment with d\e thiol reducing agent DTT, and Kith aprear 
to involve die Cys'' residue. A Cw'* Ser mutant Trx. 
which stimukites cell pnsliforantm and is as difective a sub- 
surate for thioredoxin reductase as Trx. did not shiw ase or 
oxidation- induced loss i\f these activities. Thus, with nme 
Trx jiradujllv U>sc^ its abihn- to ftrimulace cell proiiferacmn 
anJ to he .1 Mibstr.)te for thioreJ4»xin reduccvc. unlike the 
Cvi * Ser mutant Trc. which rer.iin> fhif«r jctivuie.- 
with ni» li»». Thus. Cv5'' is not cnticil for hioloi;ic;jl ac- 
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4.6 REDUCING ] UBITION OF APOPTOSIS IN TUMOR.CE S T^IAXDVER.- 
EXPRESS THIOREDUXIN 

ABSTRACT 

Tte redox prolehi thloredoxin pUy« «n hnporUnt role In controlling 
ciBCcr ceU frowth through rtpUatioii of DN A «yiithab and tranicriiitloo 
factor activity. ThIoitKloxto U oirarotpreaed by a number of human 
primary cancm and lU exprcaskm to decmied daring dotamelhaMme- 
biduoed apoptmb of mouse WEHnJ thymoma cells. We examined the 
ability of WEHn-2 ceUi ttably traaifected whh human Ihloredoxin cDNA 
thowing Increaied levels of cytoplasmic thloicdozia to undergo apoptnsls 
invitnmoAin vivQ. The cells were protected fnmi apaptosb tedueed by 
dexamethasone, tUunisporioe, eloposide, and thapilgarghi, but not by 
^.Mtyl-Bphlngasine. When InocuUtttl bito severe combbwd immoMK 
deAdent mice, the <nr.tnuisfected ceUs fonned tumon that showed te- 
creased growth compaied to wUd-type, as %»cil as AdO-trmsffected, 
WEHIT^ cells. The tn- and 6cM-transfected ccU tumors both sho%ved less 
sponttneous apoptosls than tumoix fonned by the wttd-type cells. Unlike 
tumon fonned by the wUd-type and WO-tiaosffected WEHITJI cells, 
OT-transfected cett tumors did not show growth bihiUtlon upon treatment 
with dexamcthasonc. This study suggests that Increased thloredoxhi ex- 
pression In human cancen may result In an Increased tumor growth 
thraigh inhibition of spontaneous apoptosis and a decrease b the sensi- 
tivity of the tumor to dmg-lnduccd apoplosis. 



INTRODUCTION 

Trx^ is a low molecular weight redox protein found in both pro- 
Icaryotic and cukaryoiic cells (1). The cysteine residues at the con- 
served Cys"-Gly-Pro-Cys"-Lys active site of Trx undergo reversible 
oxidation-Induction catalyzed by the NADPH-depcndcnt selenium- 
containing navoproicin Trx reductase (2)- Human Trx is a proicin of 
M, IIJOO with 27% amino acid identity to Escherichia coli but 
containing three additional Cys residues not found in baaerial Trx 
that give the human protein unique biological propenies (3). Trx was 
originally studied for its ability to act as a reducing cofacior for 
ribonucleotide reductase, the first unique step in DNA synthesis (4). 
More recently. Trx has been shown to cxen redox control over a 
number of transcription faaors, including nuclear factor kB (5), 
transcription factor IIIC <6), B2LF1 (7), and the glucoconicoid re- 
ceptor (8), and indirectly, through nuclear redox factor Ref-l/HAPE. 
Trx can regulate AP-1 (Fos/Jun hcierodimcr; Rcf. 9), 

Trx is aliM> a growth factor with a unique mechanism of action. 
Human Trx stimulates the proliferation of both normal fibroblasts and 
a wide variety of human solid and leukemic cancer cell lines ( I0« U ). 
Redox activity is essential for growth stimulation by Trx. and mutant 
rcdox-inaciive forms of In lacking the active site Cys^- and Cys'' 
re.'iidues are devoid of growth stimulating activity (11). Studies with 
*-^I-labeled Trx have revealed no high-affinity binding sites thai 
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nrifitt wfjai iK«pa« for Tfx i» ito wfice of CBW cc^ 
•ppevi to ceU prolifenooa by inataniis ^ ftcatiiivliy of 

the cePi to growtfa faoon •cocttd by ibc ccOi tt«Mdi>— ^ 
We havt found ihii Tix niRNA a etevned compczcd to pond 
aonnii dsiue tn almoA half of the tanmn pninary hmf sad cokm 
toman we exxmrned (3. 13). Other «ndiei bi« found watM aed Tn 
ia tanan neoptoak cervical iqun»it epitfaefium oelU cad hepiio* 
cbUuIv nonoma (14, 15). We have nceatly ihown tbM tmm 
bnMt cancer celli masfecsfid with a negvive, iodoK*iiiac- 

tive muatt Tn ihow ledind «adiofa|e-m^^ 
and an alnoti coapte IntaibitioB of annor fonnatkn ui vivo (16). 
Thni. Tm overexpcesaioo may be a iKtor ia the growth of tooo 



We pceviouily icpocted thai Tix gene expccsaian i 
dunag d r i imffhat one-iiidaced apopttwii of mouae thymoraa-denvod 
WEHn.2 cdU (17). To funher fttidy the effect! of Tfx on apopwria. 
in this study we suMy tnasfected WEHH^ cells with tannaa Tn 
cDNA aad fwyiiiMrf tfae effects on both spontaaeqns aad dnif- 
induoed ipopioiis in vino and with die oeUs grarwiag ta acid ntoe. 

MATERIALS AND METHODS 

CJ^ Hianm wild-type Ta cDNA wm pnpmtA ti deviibcd t»gv wMly. 
ctdMd imo die Ned m of die pDCWoen mTuneiian onfeomi ^ita/w 
(16) ^ PSMfectad by c kuiupui iDo n iiao teiaum WEHn.2 diynmafc'dmved 
ccUs (18). tndecsd eelb were matmiDBd m cvlosc dennia up lo IG^ 
eeUi/ml bi DMEM oomaining 10% feul boviae aenm aqipkimad with MO 
m/ml G41( lulfne. andclaoei were boUvd ia tolt igHoae and thee owa- 
uiMd m 200 MgAoAl 041B nUm. AU nidkt were ooodacMd en cloMl 
bowees puiagei 3 lad 20. StaMy noifccud bci-S WEHH J cells (W JlblS 
ocUi) were obtained froa Dr. Roger Mkifeld (Vmmay of Aiiuoa. TucMO. 
AZ; Rel 19). Dntp woe Mkkd M t cultuR denaiy of I X 10" » 2 X 10* 
ceUi/mL Stock ■otudope (10 mn) of driwnrthwcne were prepared la ethMOl, 
wfaerev lauBOiponBe. ciopoeade, diepiigspa. end V-eceeyUiphiiigoBiie were 
prepnd in DMSO. Finte ifilobom were nnde (ttitti catan BHdte 

■■Tift TiiiiiMliiii Nonfaera blot hybfidiTirinnmslytti was pcrfomedM 
denibed previously using a fulMeagih ia-''P}dCTF-UMad tauma Ta 
cDNA probe (3). BkM were quaiaiM uuag a MokcuLsr Dynanai^ 



, The level of hnokBSl gfaKocnraookl raoep- 
ion wM asMtacd uiiiif ■ inmieai comnifeciiaa of ceiU with a gtuujuaucaid 
re^nme eleneaiO^T reponer plasnd (pnunCAT; Rcf. 2D) end 0-filac«h 
■idue. After a Z2-h recovery period. Ok eeUs wee ocaeed with I $m de»> 
mediaaane. md CAT pnMcio wn nmural ate in addidonal 24 h uang s 
CAT EUSA (Boeiwinfer Mmtaeim. lndianBpoli&. IN). An abquoi of the 
ifMiri ec M d celU wn luiaod for P-jalmniirtey acbvity and CAT acovity 
Mfnaltxed for nmfBcdon efficiency. 

ApiplBih. Apopuaii waa meanired Ivy aa ELtSA for btaume-aaaociattd 
DNA fngmena (21). by niorpholoty and by now cyiometry (22). The chieris 
ttHd for the OMrphoiof icai idenoficauon of apovmoc ceiU included condea- 
saooo and marpnaiiao of the cfaromaDn with the formaDon of ciucenti. cell 
tanakage. increaaed luinsnf. nucks frafmemaoaQ. cytoplaumc vacuoUia- 
txB. nd apopiobc body formation. CelU were incubaicd wiOi 20 M|/ml 
7-afflinD a cun om y c u i D for 30 nun ai 4"C before being analysed by flow 
cytoroeoy. 

Iwaiifle tmi i Stah^ttg. CelU were centrifugod onto 0.17.nuD- 

thick quafiz coverelipt. air dncd for 10 niuL fixed with 4% nicthano4>free 
focmal^hyde for 20 Dtn ai room lempemurv. washed for IS min in PBS. pH 
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7.2. and permeabiUzeU with IO(KV methanol at -20*C for 6 fihn. The cover- 
flips were ihen nored ut -20*C until immimoKiMninK. when they were 
aUdwcd to come to roum tempeniure and blocked with {% BSA in PBS. Iha 
was tolhiweU by a 1:IU diluuon of goal serum in PBS. before rcacnng for I h 
with u 1:UN) diluiiim itf tmrnunoatriniiy purit'ied rabbit antihumon In poly* 
clonal aiitib*Ki> il3». Alier being washed with PBS. ilic coveraiips were 
enpoiied lo u i : HM) Utluiiun ui goat anorabbii biotmylated IgG for ( h. washed 
wiih PBS. exposed to a 1 :50 dilution xM' (\tion%c»n strepiavidin tkorochrome. 
and again washed wnh PBS. Cells were cxammed using a Lxica TCS-JD laser 
scanning cuntocal microjtcupe with an exctiaiion wavelength ot 488 nm. For 
iubccllular localiraiion .studies ul Tr.x. Cy5 lindodicafbocyaninei xueptavidin 
was uKcd as the tlunnvhrume. loiinwed by digestion tor I h at room Wfflper' 
ature with I0» ^g/ml RNase A and DNA stained with 25 rm YOYO* I iodide 
tor lU nun. Cells were then examined by loKer scanning eontbcat microscopy 
at CKciiatiims of 48H nm i YOYO- 1 » and 647 nm iCyji. Relative auoretcence 
iniereuiies of' giuups of 2U celts were meaiuired at the same laser power, 
phoiomultiplier tube vi>|iagc. and line averaging seitmg as gray level imensiiies 
using SigmaScan software iJandel Scientific. Cone Madera. CAi. Because the 
transfected cells exhibited an uneven distribution of fluurescem siainmg. a 
template of a regular array of dots was placed over the image, and multiple tup 
to nuclear and cytoplasmic mea.<urcments were made. 

in Viyo Tumor Growth. Tumor lumuiiion by wdd-iype and iratt.sfecied 
WEHn.2 cells was studied by injecting 2 x lO' cells in 0.1 ml of mamgel s.c. 
into the Hanks ol groups of 2U female ncid mice. Tumor volume was measured 
with calipers, and mice were euthanized when the tumor volume exceeded 2 
cm*. Nine days alter tumor cell injecuon. 10 mice from each group were 
injected tp. with I mg/kg/day de.'umcthasone in 109 eihanol in 0.9^ NaCl. 
Cunirol mice were injected with vehicle alone. On day 1 4. three mice fnim 
each gmup were euthanized with CO.. and the tumors were excised and 
immediately fi^ed in glutaraldehyde. 

Preparation of Tissue for Brichl-Ficid Examination. The izlutaralde* 
hyde-fixed tissue wa.s posthxed in osmium teiroxide. dehydrated in a graded 
icnes of alcohols, and embedded in cpoxy rcsin. One*Mni-ihick sections were 
prepared and attained wiih toluidinc blue for bnght^rield examinatiim. 

RESULTS 

WEHI7.2 cells were stably iransfcctcd with human Trx cDNA in 
the pDC304neo mammalian iransfcction vector. We examined mul- 
tiple clones and found ihc maximal increa.«»c in Trx mRNA compared 
10 endogenous levels of mouse Trx mRNA. was l.8«fold for clones 
Trx5 and Trxb (Fig. Ml. As determined by immuno fluorescent stain- 
ing and confocal microscopy, the rr.t- transfected cells showed in- 
creased levels of Trx iFig. \B). The relative fluorescence iniensity of 
wild-rypc WEHH.: cells t = SE: n « 20l was l.OO = 0.05: of Trx5 
cells, 2.15 = 0.14 (P < O.OOl compared to wild typci: and of Trx6 
cells. 1.87 = O.ll iP < 0.001 compared to wild typel. Trx-Uke 
fluoresceni staining was observed in the nucleus as well as the 
cytoplasm of the cells (Fig. I O. In the wild-type cells. 60.1 =5.1% 
of the fluorescent siajning was in the nucleus, in the Trx5 cells ii was 
59.8 r 2,5%. and in the lrx6 cells it was 36.1 - 1.8*. 

Compared to both wild-type or vector-aione-nnsfected cells, the 
frx-iransfccted WEH17.2 cells were reiisunt to apopiosis induced by 
I dexameihasone as measured by histone-associated DNA frag- 
menunon fFig. 2Al or by flow cytometry (Fig. IB), Histological 
examinaaon of the WEH17.2 cells revealed a classic apoptotic mor- 
phology m response to dexameihasone. However, only a small frac- 
tion of the cells undergo apopiosis at any one time, and they rapidly 
progress to fragmented cells. For this reason, results are expressed as 
relative apoptosis rather than percentage of apoptotic cells. GlucKor* 
ncoid receptor acuviiy measured using a glucocomcoid receptor/CAT 
reporter ptasmtd was not decreased in the irt-transfecied cells (results 
of three studies not shown i. We also studied the effeci of trx irans- 
fection on other agents known to induce apopiosis (Table I ). Com- 
pared to vector -alone -transfected cells, /r.r- transfected cells were re- 
sistant to apopiosis induced by staurosponne. a general kinase 
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(25i. WEHI7.: ec\h nnsfecied with the bcl'2 aniupopioiic prot<u 
oncopcne fW.HBi: cells) showed a similar panern of pmieciion 
againii apoptosis induced by ihe vanous agemn did ibc frvinmv- 
fecied cells fTiWe 1 ). 

When inoculaied into scid mice, the frx-iransfecicd WEHI7.2 celix 
funned turaorx thai grew more rapidly than lumon. foimed bv either 
wild-iype or i>c/.2.irans(ecicd WEHI7.: cells tFig. Mi Upon histo- 
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l0|>.»l e.»„«iuon. lumon fon«d by ,hc wild-.vpc showed 
nelds of apopiouc cells »d,ac.nt lo Oelds o( vubic cells, as well as 
apopiolic cells .dnuxed w,th viable-appeannp cells (Fig. 3fli 
cellv underfoin; .poptosis exhibi.ed the classic appearance of con- 
den*ed <u«l rmirg,n..ed chmmatm. some .n the fom, of crescenis. and 

WEHn- cell wmon showed minimal numbers of cells undergoing 
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apoptosU scanered ihroughiHtt the mmor.mass. Ttimon fonned by 
M-2-transfeeied WEHI7^ ceUs also ihowed very few cells under- 
SOing apopraus (noi shown). Ams of necrosis were seen in wtM- 
type. tn<maftBitd» md 6d-2-tnnsfeaed cell tmnocs. usuiUy idja- 
ceot to fields of viable-ippearing nmior cells or. in die case of the 
wild<ype cells, adjacent to aieas lhat show extensive apopiosis or next 
ID vtoble-appeahng cells. Treatment of die mice widi dexamediasane 
staning at day 9 had no effect on the growth of the /rx-iransfeeted cell 
tumors but markedly inhibited the growth of die wild-type wmon and 
die bc/-2-transfecied cell mraocs (Fig. 14). Histological examimttion 
revealed no evidence of increased apopiosis caused by dexomcthasone 
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txcaimcm of wild-type, irx-iransfcctcd. or i>c/-2-tratufected cell 
tumors. 

DISCUSSION 

WEHn J cells subly tniufected wvh human ox showed a nuxi- 
mal increase of 1.8-fold in Tm mRNA compared to endogenous levels 
of mouse In mRNA. This relirively low level of overexpression b 
similar to our experience with trx izansfection of mouse NIH TD cells 
and human MCF-7 breast cancer cells (16). suggesting that higher 
levels of unregulated trx expression may be toxic to cells. As deter- 
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mined by imfnunolluorescein staining and confocal micnncopy. the 
fw-nransfccied celU showed approximaiely :-fold increased leveis of 
Trx. The finding that Tm is prescni in the cytopUsm and the nucleus 
of ccUs confirms an earlier inununohistochemical snidy using con- 
ventional light microscopy of ccnricai tumor cells that reported cyto- 
plasmic, nuclear, or cytoplasmic and nuclear localiiaiion of Trx (14). 
This is an important observation because Tnt may be able to directiy 
reduce redox-regulated nuclear transcription faaon. such as APA 
(Fos/Jun heterodimcr. Ref. 9). If Trx can enter the nucleus, it m»y not 
need other nuclear itdox factors, such as Ref-l/HAPU as has been 
suggested <9). 

The rrx^transfectcd cells were resistant to apoptosis induced by 
dexamethasone. Trx has been reported to be necessary for assembly of 
the glucoconicoid receptor (81. However, glucocoiticoid receptor 
activity was not decreased in the transfecied ceUs. suggesting that the 
effects of Trx on apoptosis appear to He downstream of the glucocor- 
ticoid receptor. The irr-uamfccted cells also showed resistance to 
apoptosis induced by siaurosporine. eioposide. A/-acetyl-sphingQsine. 
and thapsigargin. Exogenously added human Tix has been reported to 
inhibit apoptosis induced by nimor necrosis facior a m U937 human 
lymphoma cells (26). However, we found that exogenously added 
human Trx did not protect WEH17.2 cells against apoptosis induced 
by dexamethasone (27). Tumor necrosis factor a and dexamethasone 
are thought to trigger apoptosis by different signaling pathways. It 
nuy also be that exogenous Trx is not taken up by WEHH.! cells. We 
have found that other tumor cells take up Trx poorly, if at all (12). 
Cleariy. an increase in intracellular Trx achieved by transfection of trx 
in the present study is associated with resistance of the WEHI7.2 cells 
to apoptosis induced by dexamethasone and other agenu. 

The pattern of resistance to drug-induced apoptosis caused by trx 
transfection is similar to that produced by transfection with the human 
proio-oncogcne bcl-2. Bcl-2 is believed to exen its inhibitory effects 
upstream of the activation of the cysteine aspartate pmeases cascade 
(caspa.sc> responsible for the final .stages of apoptosis (28). The 
proieciive effects of Bcl-2 against apoptosis have been suggested to 
involve an antioxidant mechanism (29). although this is disputed 
based on the ability of BcI-2 to block apoptosis caused by agents that 
arc thought not to act by an oxidant mechanism (30) or caused by 
hypoxia l.^li. The antioxidants A'-aceiyl-cysieine. pyrrolidine dithio- 
carbamaie. Trolox la water-soluble vitamin E analogue), and buiy. 
laicd hydroxyioluene protect rai thymocytes against drug-induced 
apoptosis (32. 33). We have previously reponed that Trolox. caialasc. 
and superoxide dismuiasc protect munnc WEHI7.2 cells against dcx- 
amcihasone-induccd apopiosis (27), It is intriguing, therefore, that trx. 
a gene that codes for a known reciox-active protein, also inhibits 
apoptosis. The mechanism by which Trx inhibits apoptosis remains to 
be established, but its pattern of aniiapoptoiic activity similar to Bcl-2 
suggests that it also may aa upstream of the cysteine protca.ws. 

WEHn.2 cells iransfecicd wnh trx formed tumors in scid mice that 
grev^r considerably fa.ster than tumors formed by the wild-iypc parental 
tells or by hr/O-transfectcd cells. Thii may be due, in pan. to a 
decreased rate of \ponuneous apoptosis that occurred in the /r\- 
transfected cell tumors. High levels of Bcl-2 have been found in a 
wide variety of human cancen (34). Aithough transfection with bc/-2 
i\ known to confer resistance to apoptosis induced by anticancer drugs 
and radiation, the effects of hch2 on tumor growth are less clear. 
Transfection with hcl-2 gives a survival advantage to cells in culture 
(35 1. Transgenic mice overexpresstng Bcl-2 under transcnptionat 
regulation of the immunoglobulin heavy chain enhancer develop 
benign lymphoma thai eveniually progresses to high-grade malignant 
disease f36i Thi.s suggests thai iKl-2 also provides a sun'ival udvan- 
tuge in celts tn vmt but that an additional change, most (requently 
rearrangemem of mvc (36). is necessary for tumor grou-th. Our studie.s 
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usini <BHI7.2 thymoma cells show that M-2-craiistcct£4i c^lis 
fonned tumors that grew faster than tumors fornied by wild-type 
WEHI7.2 cells. This may be due to a reduction in the rate of spon- 
taneous apoptosis observed in the /»c/-2-lransfcctcd cell tumors com- 
pared 10 the wild-type tumors. It was not possible to distinguish a 
difference in the rates of spontaneous apoptosis between the inr and 
frc/-2-transfected cell tumors. Paradoxically, the M*2-cransfected cell 
tumors sdU showed growth inhibition by high-dose dexamethasone 
treatment* as did wild-type cell tumors. There was no evidence for 
increased apoptosis caused by dexamethasone treatment of wild-type, 
fj7-transfected, or 6c/-2-transfecicd ceD mmois, so the possibility 
remains that in vivo dexamethasone does not inhibit tumor growth in 
vivo by a mechanism that involves increasing the rate of apoptosis. 

The results of this smdy and our prevbus work (16) suggest thai the 
Trx system offers a novel target for agents to promote apoptosis and 
inhibit tumor growth, as well as to reverse the drug resistance of some 
cancers. It is interesting, therefore, thai some 2-imidazolyl disulfide 
inhibitors of Trx (37) have been shown to induce apoptosis in cancer 
cells (38) and, in animal snidies, to have antitumor effects (38). 

In summary, we have shown that transfection with rrr. a gene found 
to be overexpressed in a number of human cancers, can inhibit 
apoptosis of cancer cells in culmre induced by a vanety of agents. In 
animals, the irx-transfecied cancer cells show an increased growth, 
decreased spontaneous apoptosis, and decreased sensitivity to apop- 
tosis induced by dexamethasone. If similar effects occur in patient 
tumors, then trx could be a new human proto-oncogene. 
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Figure 2. Potentiatioii of IL-2 induced MCF-7 breast cancer cell growth by Cys73->Ser nmtant 
thioredoxin. Cells were growth arrested for 48 hr in medium with 0.5% serum (10* cells) then 
stimulated in the absence of medium wkh either IL-2 or CysSZ-^-Ser mutant thioredoxin at the 
concentrations shown. Cdl number was measured after 48 hr. Each point is the mean of 3 
determinations and bars are S£. The dotted line shows stimulation by 10% serum. 
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Figure 3. Inhibition of thioredoxin stimulated MCF-7 ceil growth by receptor antibodies. Cell 
proliferation was measured as described in Figure 2. The concentrations of agents used were 
Cys73-^Ser mutant thiOTeda3dn (Tix) 1 yM; monoclonal antibodies to FGF receptor, IL-2-receptor 
and EGF«recep".or 4 pig/mi; and EGF 10 nMl The EGF and EGFR were added as a negative control. 
Values are the mean of 3 determinations and bars are S.E. The dotted line shows the efifect of 10% 
serum alone. 
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Figure 2 Effecti of Tzx and C32S/C35S cDNA transfection on proliiiuaxion of MCF-7 cells. Left panel; 3 x 10* 
cells were plated in 3.8 om' plastic onltnrediBhefl in DMEM with 10% fbsaadeeUnmnbermeafured? days later. 
panel; 10* ceUs were plated in 2 cxsF wells cantaiidns soft agarose and colonies measoring >60 counted 7 days later. 
Control, the Neol vector-alone tranjected MCF-7 cells; 9, In 12, and Trx 20» MCF-7 cells transfected with 
human Trx cDNA; Serb 4, Serb 15 and Serb 19, MGF-7 cells transfected with C32/C3SS cDNA. Values are the mean 
of 3 decerminaiions and ban are S.£. **indicate8 p <0.01 compared to irector-alooe transfected cells, ^'^ndieatee p 
<0.01 compared to vectar-alane transftcted cells* 
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Human thioredoxin is a putative oncogene that may confer both a growth and survival 
advantage to tumor cells. Over-expressed thioredoxin mRNA has been found in both primary 
human lung and colorecml cancers. To determine the intratumor distribution and amount of 
thioredoxin protein in human primary tumors and to determine if its overexprcssion is related to 
proliferation or apoptosis, we smdied primary human gastric carcinoma samples. An 
immunohistochemical assay for thioredoxin in paraffin embedded blocks was developed. We 
smdied ten patients with primary high risk gastric carcinoma. To relate thioredoxin protein 
overexprcssion to apoptosis we utilized a paraffin based in situ assay (Tunel) and to delineate 
proliferation we utilized the nuclear proliferation antigen detected by Ki67. In this survey we 
found thioredoxin was localized to tumor cells and overexpressed compared to normal gastric 
mucosa in 8 of 10 gastric carcinomas. The thioredoxin was found at high levels in 5 of the 8 
overexpressing carcinomas. The overexpression of thioredoxin was typically found in both a 
nuclear and cytoplasmic location in the neoplastic cells. There was a significant positive correlation 
(P=0.0061) with cancer cell proliferation measured by Ki67. There was a significant negative 
correlation (P=0.0(X)1) with apoptosis measured by the Tunel assay. Thus,human primary gastric 
tumors tiiat are highly expressive of thioredoxin have both a higher proliferative rate and a lower 
rate of spontaneous apoptosis than tumors that do not express thioredoxin. Whether tiiis 
thioredoxin-related combined growth and stirvival advantage translates into poor clinical outcome 
remains to be determined. 
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Thiorcdoxins are low molecular weight redox proteins found in both prokaryodc and 
eukaryonc cells (1). The cysteine (Cys) residues at the conserved -Cys-Gly-Pro-Cys-Lys acdvc 
site of thiorcdoxin undergo reversible oxidation-rcducrion catalyzed by the NADPH-depcndem 
selenium concaining flavoprotein thioredoxin reductase (2). Human thioredoxin is an 1 1.S kDa 
protein, with 27% amino acid identity to £. coU thioredoxin. It contains 3 additional Cys residues 
not found in bacterial thioredoxin that give it unique biological properries (3). 

Thioredoxin was first studied for its ability to act as reducing cofactor for ribonucleotide 
reductase, the first unique step in DNA synthesis (4). More recently thioredoxin has been shown 
to exert redox conirol over a number of transcripuon factors, including NF-KB (5), TFIHC (6), 
B2XF1 (7), the glucocorticoid receptor (8) and, indirecdy through another redox factor Rcf-1. 
AP-1 (Fos/Iun heterodimer) (7). Thioredoxin modulates the binding of the transcription factors to 
DNA and thus, regulates gene transcription. 

Thioredoxin is also a growth factor with a unique mechanism of action. The predicted 
anuno acid sequence of tiiioredoxin is identical to that of a previously identified growth factor 
secreted by HTLV-1 transformed leukemic cell lines, called adult T-cell leukemia-derived factor 
(ADF)(3). ADF stimulates growth oflymphoid cells (9,10). We extended tiiese observations and 
showed diat human recombinant thioredoxin stimulates the prolifcrarion of normal fibroblasts and 
human solid tumor cancer cells even in the absence of serum (11, 12). It does this by increasing 
the sensitivity of the cells to growtii faaon secreted by the cells themselves (13). For example 
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thioredoxin at nM concentrations, as arc found in human serum (14), increases the sensitivity of 
human breast cancer cells to interleukin-Z (IL-2) and basic fibroblast growth factor (bFGF) by 
1000 and 100 fold, respccrively (unpublished observations). The term "voitocrine", from the 
Greek *'to help'*, has been coined to describe this growth stimulating activity of thioredoxin (13). 
Mutant redox-inactive forms of thioredoxin lacking the active site cysteine residues and £. coli 
thioredoxin are devoid of growth stimulating activity (12). Human thioredoxin is known lo be 
sccrcicd from ceils by a Icaderlcss secretory pathway (15) so that it could be acting cxtracellularly 
to stimulate cancer cell growth. 



Our work has shown that thioredoxin is important for the growth, death and transformed 
phenotype of some human cancers. Stable transfection of normal fibroblasts with human 
thioredoxin cDNA {trx) increases their growth rate and transfection of human MCF-7 breast cancer 
cells with /rx increases their colony formation in soft agarose (16). Transfection of the MCF-7 
cells with a dominant negative redox inactive mutant rrr causes inhibition of colony formation and 
almostcompleteinhibitionoftumorformation when the cells were inoculated into 5cuf mice. Our 
recent studies have shown that stable transfection of mouse thymoma cells with human trx inhibits 
apoptosis induced by a variety of agents including glucocorticoid, staurosporine, N- 
acetylsphingosine, thapsigargin and etoposide» which is similar to the pattern of inhibition seen 
with the antiapoptotic oncogene bcl'2 in these cells (17). The trx transfccted cells form tumors 
that when inoculated in scid mice grow more rapidly and show less spontaneous apoptosis than 
vector alone or bd-2 transfected cells, and arc resistant to growdi inhibition by glucocorticoid(17). 
These results suggest that trx offers a survival as well as a growth advantage to timiors in vivo, 
unlike bcl'2 which offers only a survival advantage and requires other genetic changes for tumor 



wo 98/24472 



growth (18). 



PCT/US97/22292 



We have previously reported that almost half of human primary lung cancers we examined 
overcxpress ihioredoxin mRNA compared to normal lung tissue from the same subject (3). 
Recendy we have found thai more than half of human primary colorectal tumors have elevated 
levels of diioredoxin mRNA, up to over 100 fold for one subject, compared to normal colonic 
mucosa taken from within 5 cm of the tumor from die same subject (19). In these studies, 
however, thioredoxin mRNA was extracted from pieces of tumor and nothing is known of its 
intranmior distribudon, or even if die increased thioredoxin mRNA leads to an increase in 
thioredoxin protein. It remains to be determined if tiiioredoxin overexprcssion is related to 
proliferation or apopiosis in human primary tumors. These are clearly important questions that we 
now address in the current studies utilizing primary human gastric carcinoma samples. 

In the current study we sought to develop an assay for tiuoredoxin in paraffin embedded 
blocks allowing survey of human mmors in archival tissue banks. To this end die Soudiwcst 
Oncology Group (SWOG) Gasffointestinal Biotogy Laboratory made available a relevant archival 
paraffin block bank of gastric carcinomas. Furthermore, to relate diioredoxin to apoptosis we also 
sought to refine a paraffin-based in sini assay of apoptosis (20,21). finally, to relate thioredoxin 
to proliferation, we utiilized die previously developed assay of the nuclear proliferation antigen 
detected by Ki67 (22). 



Methods 
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Parient Sampies : Paraffin blocks from ten gastric carcinoma resecdons were snidicd. These 
pathology samples derived from ten patients on Southwest Oncology Group (SWOG) protocol 
9008 (also known as intergroup study #0116). This is a study of high risk gastric carcinoma 
comparing gastrectomy only versus gastrectomy plus adjuvant therapy. The padents ranging in 
age from 42 to 75; all had pnsviously untreated, stage II to IH B gastric carcinoma. They had 
biopsy proven adenocarcinoma of the stomach which had a high risk for recurrences due to 
evidence of carcinoma extension beyond the muscularis propria and/or having lymph node 
involvemenL Padents with Stage O, lA or any stage with Ml were not eligible. As of December 
1996 this sujdy has accrued 486 padents. 

Immunohistochemistrv : five micron thick sections were deparaffinized and then subjected to 
anngen unmasking with one of two methods with heat plus citrate buffer at pH 6.6 or microwave 
plus EDTA buffer at pH 8.0 as previously described (20,21). The best signal to noise ratio was 
established by judging reactivity with cell lines known to be a high exprcssor of thioredoxin (A549 
human lung cancer) and a low expressor of thioredoxin (SK BR3 human breast cancer)(19). 

All tumor samples and control cell lines were stained using a standard immunohistochemical 
method as previously described (20^1). To obviate biotin receptor reactivity, biotin-avidin 
blocking was performed first Then the primary antibody (polyclonal rabbit anti-human 
thioredoxin) (19) was utilized at a titer of 1/200 after titration of control cell lines. The best signal 
to noise ratio was found following microwaving at pH 8.0 witii EDTA buffer. Sections were 
treated with biotinylatcd goat-anti-rabbit antibody and then with avidin-pcroxidase complex, each 
for 30 minutes at 42*C in an automated immunostainer (VMS ES, Ventana Medical Systems, 
Tucson, Arizona) (20,21). Sections were counterstained witii methyl green, dehydrated, rinsed in 
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The degree of diiorcdoxin expression in tumor cells was judged at 400x magnification as 4+ (very 
intensely positive), 3+ (moderately intensely posidve), 2+ (moderate). 1+ (faint), or 0 (completely 
negative) throughout the sample. A single investigator (TG) was responsible for scoring aU the 
samples. 

Additional immunohistochemical assays employed antibody to proUferation antigens, Ki67 
(Ventana, Tucson, AZ), also using the biotin-avidin labelled method after avidin blocking (22). 
The degree of Ki67 staining, again judged at 400x magnification, was classified as the percentage 
of nuclear positive tumor ceUs listed as: absent (0), >0-5% (+), 6-25% (++), 26-50 (+++). >51% 
(++++). 

Apnptosis Assav : Apoptodc cells were detected utilizing the TUNEL assay (23, 24) adapted to an 
automated in situ hybridization instrument (gen H, Ventana Medical Systems. Inc.). The TUNEL 
assay utilizes recombinant terminal deoxynuclcotidyl transferase (Tdt) (GIBCO BRL) for adding 
homopolymer tails to the 3' ends of DNA which are more abundant in apoptoric cells(23, 24). 
Biotin-16, 2'-deoxyuridine-5'-triphosphate (Biotin 16-dUTP) (Boehringcr-Mannheim. 
Indianapolis, IN) was the label used for terminal transferase in this DNA 3 '-end labelling reaction. 
Avidin-Horseradish Peroxidase and 3.3*-diaminobenadine as chromogen(23, 24). 

The instrument utilized depaiaffinized sections with subsequent (Bgestion with Protease I (Ventana 
Medical Systems Tucson, Az.) for 8 minutes VMSl). Incubations were performed per Ventana 
Gen II protocol on the instrument widi the final steps being as above using avidin-horse radish 



wo 98/24472 PCT/US97/22292 

peroxidase and DAB detection method to visualize the apoptoric nuclei as an intense brown color 
(diaminobenzidine). As an enzyme control we utilized two sections from each tissue: one witii Tdt 

enzyme and one without enzyme (negative control). 

The TUNEL assay result was scored by the number of brown - apoptotic tumor nuclei per high 
power field (400x objective). The values were: 0 (absence of apoptotic cells), + (>0-2/hpf)» -m- 
(2-4/hpf). +++ (>4-8/hpf), ++++ (>8/hpO. 

Statistical Analysis 

Thioredoxin expression was correlated widi Ki67 expression and with apoptosis measured by the 
TUNEL assay using Spearman's nonparametric rank correlation test. 



Results 

The optimum signal to noise ratio was found by using the following antigen retrieval conditions: 
microwaving at pH 8.0 in EDTA as tested by a high thioredoxin expressor (A 549) and low 
thioredoxin expressing (Sk BR3) cell line. 

Immunohisiochemical localization of thioredoxin (positive staining) was found in the tumor cells of 
8 of 10 gastric carcinoma samples (see table 1). Seven of these eight showed both nuclear and 
cytoplasmic staining (see Figure 1). The two cases with no tumor thioredoxin showed positive 
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Staining in the adjacent normal mucosa and are imponani conaols, suggesting these arc true, not 
false-negative, tumors (see Figure 2). 

Among the eight thioredoxin positive gastric carcinomas there was a range of positivity from faint 
(+) to intense (-m-h-) with five cases having high level thioredoxin (+++ to ++++) and three 
having low level (+ to ++) (see Table 1). 

In all samples there was the adjacent nomal mucosa where the strongest staining was found in the 
gastric mucosal pits (++) while faint staining was found in the superficial mucosa (+). The 
localizarion differed based on site with gastric pits showing both nuclear and cytoplasmic staining 
while the middle mucosa had only cytoplasmic staining (sec Figure 3). 

Increased levels of thioredoxin levels positively correlated with increased cell pioliferarion as 
measured by Ki67 expression (r=0.861, p=0.006l) and negatively correlated with apoptosis as 
measured by the Tunel assay (r=0.949, p^O.OOOl) (see table I, and figures 4 and 5). 

Discussion 

An important aspect enabling this smdy is the development of two methodologic refinements: (I) 
the use of heat-based antigen unmasking methods to allow optimal, reliable measurement of 
thioredoxin by MC in archival paraffin embedded tissues; and (2) adaptation of the Tdt based 
TUNEL assay to an automated procedure on an automated in situ machine. The heat-based antigen 
optimization of IHC entailed hearing the paraffin section in 5mM EDTA in 0.1 M TRIS, pH 8.0. 
The specificity of the reaction was assured by the finding of high positive signal in A549 human 
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lung carcinoma, a known high level thioredoxin exprcssor as determined by prior Wesiem blotting 
(19). SK BR3 breast carcinoma cells likewise served as low level expressor control also 
established by prior Western blotting. The gastric tumor samples themselves also served as 
imponant positive and negative, same-slide controls. In particular, within the enffapped normal 
gastric mucosa gastric pits and mid-level mucosal cells showed thioredoxin signal while surface 
mucosal cells were negative. There was a clear difference in the subcellular localization of 
thioredoxin in normal positive gastric cells, the lower level cells in the pits showed cytoplasmic and 
scattered nuclear staining, while the higher mid-level graduation staining was typically lighter and 
restricted to the cytoplasm. The significance of this differential distributions is not known. 
Thioredoxin does not have a known nuclear localizadon sequence (3). From our IHC studies it is 
clear that thioredoxin is specifically located within neoplastic gastric carcinoma cells and not in 
stromal cells or admixed B or T lymphocytes or macrophages. The tumor cell thioredoxin density 
typically exceeded that of the adjacent normal mucosa. The minimal background staining and 
strong signal to noise in all the samples, as illustrated in figures 1-5, demonstrate the refinement of 
the thioredoxin paraffin assay we have developed. 

In this survey of 10 primary human gastric carcinomas we have determined the extent of 
thioredoxin overexpression and determined its localization and its relationship to proliferation and 
cell survival (apoptosis) status. We found thioredoxin is overexpressed, compared to normal 
gastric mucosa, in the malignant cells of 8 of 10 gastric carcinomas. The thioredoxin protein was 
found at high levels in five of the eight overexpression carcinomas. The expression was typically 
found in both a nuclear and cytoplasmic location in the neoplastic cells. There was a significant 
positive correlation (p<0.01) between increased levels of thioredoxin expression and cell 
proliferation measured by Ki67 expression. There was also a significant negative correlation 
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(p<0.0001) between increased levels of thioredoxin and apoptosis measured by the TUNEL assay. 
Thus, human primary gasnic tumors highly expressive of thiorcdoxin have both a higher 
proliferadvc rate and a lower rate of spontaneous apoptosis than tumors with absent or low 
thiorcdoxin (see figure 4). This finding is consistent with our experimental observation that the 
stable transfecuon of mouse WEHI7.2 cells with human wild type thiorcdoxin leads to increased 
tumor growth rate in vivo associated with a decreased rate of spontaneous apoptosis (17). We 
have also found diat transfccrion of human MCF-7 breast cancer ceils with a dominant-negative 
redox inactive mutant thioredoxin inhibits mmor growth in vivo (18). Thus, overcxprcssion of 
thiorcdoxin in gastric carcinoma is associated with increased cell growth and cell survival giving 
the cells doubly immortalizing properties. Whether this will translate in patients into more 
aggressive tumor growth, as seen in animals with thioredoxin transfected tumor cells, and a poor 
prognosis remains to be determined 

There have been 2 rcpcHts of the immunohistochemical distribution of thiorcdoxin in human 
primary tumon. Fujii et al (25) reported that, while the squamous and glandular cells of normal 
human cervix showed no thioredoxin EHC, the intermediate and superficial layen of cervical 
squamous neoplastic tissue, as well as invasive squamous cell carcinoma showed cytoplasntic and 
nuclear staining for thiorcdoxin. A study by Kawahara a/ (26) has reported enhanced 
expression of thiorcdoxin in human hepatocellular carcinoma compared to adjacent non-cancerous 
liver, with both a nuclear and cytoplasmic localization of the staining. Thus, thioredoxin 
overtxpression appears to be a common phenomenon among a diversity of human neoplasms. 



Future studies are required to confirm the relationship between thioredoxin overcxprcssion, 
increased gasnic cancer proUferation and increased cell survival. Our newly developed ability to 
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simultaneously perfom combined TUNEL and IHCassays on a single tissue section should allow 
more precise definidon of the nslanonship of thiorcdoxin to cell proliferation or cell death, since the 
phenotypc of individual apoptotic or proliferative cells may now be discerned by these double 
labelled assays. 

Finally, we anticipate correlative clinical studies to relate thioredoxin expression, Ki67 and 
apoptosis index to pathogenic grade, response to chemotherapy, disease free survival or overall 
survival thus defining the impact of thioredoxin on human carcinomas. Our patient data on the 
SWOG 9008 (Intergioup 01 16) snidy of high risk gastric carcinomas which is now ongoing and 
has accrued 486 gastric carcinoma patients would seem to be the ideal patient cohort to study. 
Now that we have developed paraffin-based assays for thiorcdoxin, Ki67 and Tdt apoptosis by the 
Tunel assay in a standardized optimized manner, the full clinical study testing the clinical impact of 
thioredoxin is now feasible. 
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Figure Legends 

1. Thioredoxin positive gastric carcinoma (Case 2) 

A. The hematoxyUn and cosin stains (left, upper and lower panels) reveal a pleomorphic 
carrinoma invading the gastric wall. 

B The thioredoxin expression (right upper and lower panels) is present in both the nuclei 
and cytoplasm of tumor ceils in malignant glands and in rare associated leucocytes. 
Thioredoxin expressiwi is absent in the adjacent stroma (lOOx to 400x). 

2. Thioredoxin negative gastric carcinoma (Case 8) , ^ . , « , • •.». 

A Upper left: gastric carcinoma with complex glands m lower field of view with 

overlying normal gastric mucosa and submucosa. Hematoxylin and eosin (ICXix). 

B Lower left: same section as (A), negative control stained after biotin-avidin block to 
eliminate biodn receptor affect and stained with subsrimied irrelevant isotype 
matched monoclonal antibody (lOOx, Diaminobenzidine). 

C. Upper ridit: same section as (A) and (B) showing faint reactivity m normal upper 

mucosa (+), moderate reactivity in the submucosa (++) and the undwlying gastric 
carcinoma appean negative for thioredoxin (0) (lOOx). ... 

D. Lower right: higher magnification of (Q showing detail with gastric pit cells having 

both nuclear and cytoplasnuc stain and absent tumor staimng (2S0x). 

3 Normal gastric mucosa - thioredoxin and Ki67 (proUfcrarion antigen) expression 

A. Upper left: normal gastric mucosa and gastric pits with underlying musculans propria 

hematoxylin and eosin (lOOx). - . , v i 

B. Upper right: same section as (A) stained for thiorcdoxm with faint (+) mucosal 

staining and moderate (++) gastric pit staining (ICXlx). 

C Lower left: same section as (B) at higher magnification. Note the faint muojsal 
staining is solely cytoplasmic, while lower lying gastric pit cells are both 
cytoplasmic and nuclear (250x). . . 

D Lower right: nuclear Ki67 expression notable m lower mucosa and upper gastric pus 

(250x). 

4. Thioredoxin intense gastric carcinoma related to strong proliferation and weak apoptosis 
(Case 4) 

A Upper left: Complex adenocarcinoma cell glands (400x, hematoxyUn andwin) 
B Upper right: Intense thioredoxin expression in gastric carcinoma cells (40()x) 
C Lower left: A high percentage of Ki67 positive ceUs indicanng high proUferauon 

(400x). , . ^ , 

D. Lower right A rare Tdt+ - apoptotic cell indicating weak apoptosis (Tunel assay. 

400x, same slide). 

5. Thioredoxin negative gastric carcinoma related to weak proliferation and strong apoptosis 

(Case 6) i- j • \ 

A. Upper left: Complex adenocarcinoma glands (400x, hematoxyhn and eosm). 

B. Upper right: Absent tiiioredoxin expression (4(X)x). . 

C Lower left: A low percentage of Ki67 positive cells indicanng alow proliferaave rate 

(400x). 
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D. Lower right: A very high Tdt+ apoptoric cell rate indicating strong apoptosis (TUNEL 
assay, 400x, same slide). 
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All of tlae various publications cited above are hereby incorporated by 
reference in their entaeties. 
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I CLAIM: 

1 . A method of inhibiting tumor cell growth in a tumor cell that over-expresses 
thioredoxin comprising contacting said tumor cell with a cell growth inhibiting effective 
amount of an inhibitor of thioredoxin expression. 

2. A method of reducing inhibition of apoptosis in tumor cells that over-express 
thioredoxin comprising contacting said tumor cells with an effective amount of an agent that 
inhibits thioredoxin. 

3 . A method of identifying an agent that inhibits tumor cell growth in cells that 
over-express thioredoxin comprising 

measuring thioredoxin expression in a first sample of said cells; 
contacting a second sample of said cells with an agent to be tested; 
measuring expression of thioredoxin in said second sample; 
comparing expression of thioredoxin in said first sample and said second 

sample; 

whereby a decrease in expression of thioredoxin in said second sample is 
indicative of an agent that inhibits tumor cell growth. 

4. A method of identifying an agent that reduces inhibition of apoptosis in a 
tumor cell that over-expresses thioredoxin comprising 

measuring thioredoxin expression in a first sample of said cells; 
contacting a second sample of said cells with an agent to be tested; 
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measuring expression of thioredoxin in said second sample; 

comparing expression of thioredoxin in said first sample and said second 

sample; 

whereby a decrease in expression of thioredoxin in said second sample is 
indicative of an agent that reduces inhibition of apoptosis. 

5: A method of identifying an agent that reduces inhibition of apoptosis in a 
tumor cell growth. 

6. A method of stimulating cell growth comprising introducing a nucleic acid 
encoding a hxmian thioredoxin having Ser at amino acid reside 73 under conditions whereby 
said nucleic acid is expressed. 

7. A composition comprising an agent that is useful in reducing or eliminating 
thioredoxin-associated apoptosis inhibition and an acceptable carrier. 

8. A composition comprising an agent that is useful in inhibiting thioredoxin 
stimulated cell growth and an acceptable carrier. 
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